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General Abstract 
Electro-membrane processes are mature separation technologies with a multitude 
of industrial applications. One of the most representative electro-membrane processes 
is electro-dialysis (ED) primarily applied for seawater and inland brackish water 
desalination. Although freshwater production from seawater is largely dominated by 
reverse osmosis process, ED remains recognised as an efficient and cost-effective 
solution particularly competitive in situations where brine disposal costs are high or 
water resources are scarce due to the unmatched water recovery rate of the process. 
During ED operation, ionic species are selectively transported across ion-exchange 
membranes (IEMs) and removed from the feed solution under the influence of an 
electrical current generated between two electrode plates with opposite electrical 
charges. 
IEMs are typically thin and dense composite sheets made by shaping high-
molecular weight polymeric ion-exchange materials (IEXs). To date, while all major 
industrial applications of ED have been primarily limited to aqueous environments, 
ion-exchange processes using IEXs are increasingly used in organic, water-free, and 
mixed solvents environments for separation, purification or heterogeneous catalysis 
applications. ED is also emerging for both the recycling of expensive solvents and the 
recovery of valuable metals or organic salts. However, ED processes in non-aqueous 
and mixed solvents media are currently limited due to the increased electrical 
resistance and reduced mechanical strength of the IEMs, which were related to 
specific interactions of the solvent molecules with the polymer matrix. In addition, 
both IEXs and IEMs suffer major drawbacks when used for the recovery of metal ions 
and deteriorate irreversibly due to the poisoning of the charged functional sites and 
scaling of the IEMs surfaces. The identification of ED materials and process 
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limitations for the desalination of mixed solvents and recovery of metal ions led to the 
development of novel hybrid materials with engineered reinforcement materials and 
advanced electro-membrane process concepts. 
The first objective of this Thesis is the development of a novel class of stable 
hybrid IEMs comprised of a mechanically strong, inorganic and electrically 
conductive phase acting as a reinforcing fabric. In this work, the reinforcing inorganic 
fabric was based on stainless steel 316L corrosion resistant alloy materials. In order to 
develop stable hybrid materials, the interfacial compatibility between the inorganic 
reinforcements and the IEX phase was carefully studied. In particular, a series of 
surface modifications were performed on the inorganic reinforcements, which 
ultimately resulted in the grafting of specific coordination agents promoting the 
adhesion with the IEX. The second objective is the characterisation of the IEX 
microstructure changes upon exposure to mixed solvents solutions using neutron 
scattering techniques supported by extensive physicochemical characterisations. This 
aspect is critical to expand the applicability of IEXs and IEMs to emerging waste 
solutions where no efficient separation solutions exist. 
The basic desalination performance of the novel hybrid flat-sheet IEMs were then 
assessed in a conventional ED process unit using sodium chloride solutions and 
copper sulphate solutions as a source of heavy metal ions in aqueous and mixed 
solvents environments. The electrical conductivity of the inorganic phase combined 
with the high reactivity of these novel hybrid IEMs led to the development of new ED 
and electro-catalytic concepts. Indeed, the electrically conductive reinforcements 
allowed for the direct polarisation of the hybrid materials independently from the 
electrical field generated across the classical ED electrode plates. The electrical field 
generated across of the hybrid IEMs was shown to provide an additional driving force 
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for the transport of the ionic species promoting or blocking, by gatekeeping 
mechanisms, the ionic flux across the hybrid materials. 
Furthermore, due to the mechanical strength and ductility of the stainless steel 
materials, different geometries of reinforcements were used and developed. Hybrid 
IEMs were formed using large tubular or hollow-fibre reinforcements in an effort to 
design a compact electro-desalination module without the need for dedicated 
electrode streams. The desalination of ionic solutions was studied using the tubular 
hybrid IEMs, where the electrically conductive reinforcements acted as electrodes and 
the IEX as selective separation barrier. 
A second process modification based on conventional ED design was investigated 
in order to tackle the limitations of the IEX for the remediation of heavy metal ions 
streams. An electrically conductive and porous carbon cloth material was placed at a 
strategic emplacement inside the ED module acting as a buffer space, protecting the 
IEMs by providing a reduction platform for the metal ions. This new route opens the 
path to electrically enhanced resource recovery towards precipitation or reduction 
chemistries otherwise unachievable to date in a compact system. 
Finally, the potential of the hybrid materials to act as reactive electrode materials 
for electro-catalytic applications was studied in aqueous and non-aqueous 
environments. A basic electro-membrane reactor was designed using the hybrid IEMs 
as cathode materials for the successful electro-catalytic conversion of biomass 
feedstock to biofuel in low conductivity alcoholic solutions. The hybrid materials 
were also used as anode materials for the electro-oxidation of small organic molecules 
in aqueous environments demonstrating the versatility of the hybrid materials. This 
aspect is key to the demonstration of the stability of the hybrid membrane materials 
and further expands their potential. 
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Chapter 1. Introduction 
1.1 Electro-membrane processes and ion-exchange materials 
Membranes separation technologies include a versatile group of processes, which 
can be applied for the separation of contaminants or the purification and remediation 
of solvents across a variety of liquid environments [1]. In a context of increasing 
resource scarcity and stricter environmental regulations, membrane processes applied 
to the remediation of organic and mixed solvents waste streams represent a challenge 
with high potential in many industrial sectors and particularly in the energy [2], 
chemical [3], and pharmaceutical industries [4, 5]. However, to date, only a few 
large-scale membrane processes in organic or mixed solvents environments have 
been reported. Successful applications in non aqueous media include the treatment of 
large volume of effluent containing valuable products and solvents such as the 
recovery of organometallic catalysis [3], reclamation of solvents and drug precursors 
from pharmaceutical manufacturing effluents [4] or concentration of aromatic 
solvents from refinery streams [2]. Membrane separation technologies are also 
expected to play a growing role in the purification of bio-refinery effluents with the 
development of bio-resources based chemicals and biofuels [6, 7]. 
Organic solvent filtration is a relatively new technology with an already large 
number of identified industrial applications [5, 8]. Unfortunately, membrane 
materials designed to operate in aqueous environments are often not compatible with 
large fraction of organic solvents primarily due to the low resistance of the polymeric 
material in non-aqueous environments resulting in shorter material operational 
lifetime [9]. Although new strategies in the development of solvent-resistant 
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polymers based on poly(imides) [10] or poly(amides) [11] led to specific laboratory 
scale applications to treat small volumes of solution [12], the treatment of non-
aqueous and mixed effluents has generated a renewed interest in inorganic 
membranes due to their excellent chemical resistance toward organic solvents [13]. 
Furthermore, solute and solvent transport mechanisms across polymeric membrane 
materials in organic and mixed solvents environments are not yet fully understood 
and require further work in this area [14]. However, it is largely admitted that the 
change and diminution of microporosity across the selective polymeric layer in 
organic and mixed solvents hinder the transport of solute and solvent molecules [15]. 
Membrane materials and process parameters are, however, well understood for 
the treatment of aqueous solutions and particularly for water desalination 
applications due to large-scale seawater desalination research and development 
programs. At the end of 2016, the global water desalination capacity reached more 
than 100 million m3 per day and further substantial growth is expected in the next 
decade [16]. The production of freshwater from seawater desalination is currently 
largely dominated by reverse osmosis (RO) processes, which continue to attract most 
of the research and development efforts. However, electro-membrane processes are 
recognised as efficient, cost-effective and mature processes for the desalination of 
brackish waters representing as much as 3.6% of the total installed worldwide 
desalination capacity [17, 18]. 
Particularly, electro-dialysis (ED) is an electro-membrane desalination process 
allowing for the separation or concentration of charged species in solutions [19] and 
is becoming increasingly recognised as being economically advantageous for solvent 
reuse and recovery applications [18]. The driving force of ED is an electrical field 
  3 
generated by an electrical potential difference applied across two oppositively 
charged electrode plates. The difference of potential across the ED module leads to 
the transport, by electro-migration, of ions and ionisable species across a stack of 
dense and alternating positively or negatively charged ion-exchange membranes 
(IEMs) [20]. IEMs are typically composed of resin materials containing large volume 
fractions of functional ion-exchange groups covalently bonded across a 
homogeneous and dense polymeric matrix [21]. These ion-exchange resins are then 
formed into structural shapes such as flat-sheet and other tubular or hollow-fibre 
(HF) geometries [21-23]. 
Unlike pressure- or thermal-driven membrane processes, ED typically operates at 
room temperature and at low hydrostatic pressure thus limiting mechanical and 
thermal stress on the IEMs. IEMs are also more chemically stable and tolerant to 
chemicals, such as free chlorine or organic acids, known to lead to the degradation of 
RO or nano-filtration (NF) membranes [21]. The ED process has therefore become 
particularly appropriate in the food and biotechnology industries since it allows for 
the selective removal or concentration of low molecular weight charged species (< 
400 Da), which are not effectively retained by conventional filtration processes such 
as RO or NF [24]. In addition, ED has found extensive industrial usage for the partial 
removal of heavy metal ions in aqueous effluents from metal plating and mining 
industries [25, 26]. A recent and strategic ED application is the purification of 
organic solvents, where ED was demonstrated to lead to an enhanced solvent 
reclamation rate and at a lower cost when compared to classical thermal distillation 
processes [27-29]. One particularly promising application is the refinement of mixed 
co-solvents of aqueous amine solutions used in CO2 capture applications [29]. The 
purification of biofuel raw effluents was also identified as a new potential 
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application, as current purification technologies require large quantities of water and 
additional chemicals. ED emerges as a dry-wash method minimising waste and 
allowing an intensification of the conversion processes [30]. 
However, the purification and treatment of complex aqueous-organic mixtures 
lead to currently inevitable solvent crossover across the IEMs during ED operation 
due to the swelling of the ion-exchange polymer matrix by the organic solvent 
molecules [18, 27, 29, 31]. IEMs stability and performance in aqueous-organic 
mixtures are also severely affected due to their changing macro and microstructures 
when exposed to even a small fraction of organic solvents [18, 29]. The material 
morphological changes were showed to affect the selectivity as well as the electrical 
and mechanical properties of the IEMs thus leading to a reduce process efficiency 
[27, 29, 32, 33]. Furthermore, as opposed to typical aqueous solutions, mixed 
solvents systems can no longer be considered as ideal due to partial miscibility issues 
between solvents and charged species within the mixtures [27, 29]. In organic and 
mixed solvents applications, the solubility of ionic species differs greatly from that in 
pure water, leading to an increased solution resistance and hampering the solute 
transfer through the IEM materials [34-36]. ED process parameters, such as the 
limiting current density related to the solution electrical properties, could no longer 
be determined by simple relationships and new models based upon the solute activity 
coefficient in mixed solvents for ED operation should be developed [18]. 
Nevertheless, ED applications in aqueous-organic solution is growing across a 
number of industrial applications for the recovery of high value electrolytes, removal 
of charged contaminants and regeneration of solvents [18].  
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New materials exhibiting longer durability in organic solvent and higher 
selectivity towards charged solutes, while offering lower electrical resistance and 
solvent uptake are therefore required to further expand the scope of ED applications 
in mixed solvents environments. Hybrid ion-exchange materials combining the 
stability and electrical conductivity of the inorganic phase with the ionic selectivity 
of the ion-exchange materials are promising new approaches for the development of 
a new class of IEMs. 
 
1.2 Objectives and Structure of the Thesis 
This Thesis is aimed at developing electrically conductive hybrid IEMs for 
applications in aqueous and mixed solvents. First, the fabrication methods of the 
novel hybrid IEMs composed of an IEX phase chemically bonded to porous, 
electrically conductive and mechanically strong inorganic reinforcements will be 
presented. Secondly, the physico-chemical behaviour and microstructure changes of 
the IEXs in mixed solvents are studied and correlated to the IEMs macro-properties. 
Finally, new electro-membrane and electro-catalytic concepts are investigated based 
on the unique electrical conductivity properties of the hybrid materials. The Thesis 
will be organised as follows: 
The fundamental of ion-exchange technologies and electro-membrane processes 
are presented in Chapter 2. This comprehensive literature review will lead to a 
better understanding of the current issues and limitations of ED process and IEM 
materials in aqueous and mixed solvents environments. Key research questions will 
be extrapolated from the discussion, leading to the design of a systematic research 
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plan aimed at determining the applicability of hybrid IEMs for electro-membrane and 
electro-catalytic processes. 
Chapter 3 will introduce the materials and methodologies used in this Thesis. 
The materials chosen for the hybrid IEMs fabrication as well as the characterisation 
techniques are detailed and justified. In particular, the different inorganic substrates 
in flat-sheet, tubular and HF form factors are presented. In addition, the theory and 
experimental aspect of the neutron scattering techniques, used for the IEX 
microstructure characterisation, are thoroughly covered. Furthermore, the electro-
membranes and electro-catalytic test conditions and module designs are presented. 
Chapter 4 is focused on the physicochemical characterisation of the hybrid IEMs 
performed at each stage of the hybrid material development. The functionalisation of 
the inorganic substrates and the interface characterisation with the IEX coating are 
extensively covered. The development and characterisation of specific inorganic 
hollow-fibre substrates by dry-wet spinning process is also detailed in this Chapter. 
In Chapter 5, the properties and structural changes of the IEMs and IEXs in 
mixed aqueous/alcoholic solutions are studied. Chapter 5 covers the static and in-situ 
microstructure characterisation of the materials by neutron scattering. Furthermore, 
the physico-chemical characterisation and electrochemical behaviour of the hybrid 
materials in the same mixed solutions are thoroughly assessed before basic ED 
desalination experiments. 
The desalination performance of the hybrid IEMs in aqueous and mixed alcoholic 
solutions are presented in Chapter 6. The experimental desalination results of the 
flat-sheet IEMs were benchmarked against commercial Selemion® IEMs. Novel 
tubular ED module designs are also introduced for the desalination of aqueous 
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solutions using the tubular hybrid IEMs. In addition, two advanced ED process 
concepts are studied in this Chapter. The first ED system is comprised of the hybrid 
IEMs, which were polarised using an additional power source. The effect of the 
individual polarisation of the hybrid IEMs on the ionic fluxes is investigated and 
discussed. The second process design is aimed at developing a sustainable of ED 
process for the desalination of heavy metal ion streams. 
Chapter 7 will present the electro-catalytic applications of the hybrid materials. 
In the first part of the Chapter, the electro-catalytic production of biodiesel in 
alcoholic solutions is performed using the flat-sheet hIEMs. In the second part, the 
hybrid HF IEMs are used for the electro-oxidation of organic pollutants in aqueous 
solutions. 
Finally, Chapter 8 will summarise the major experimental results of the Thesis 
and provides new research directions for both materials and process development. 
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Chapter 2. Literature review 
In the first part of this literature review, the fundamental of ionic species 
dissociation and solvation phenomena in aqueous and mixed solvents environments 
will be presented and correlated to the properties of the solvents. The theory of ion-
exchange processes including the transport of ionic species in solutions and across 
the ion-exchange materials will also be reviewed in order to provide a better 
understanding of the physico-chemical mechanisms occurring in ion-exchange and 
electro-membrane processes. 
Then, electro-dialysis (ED) operations and the main electro-membrane processes 
will be presented. In addition, the electrochemical and structural properties of the 
ion-exchange membranes (IEMs) will be described. 
Finally, the different classes of ion-exchange materials (IEXs) as well as the 
potential inorganic reinforcement candidates used for the fabrication of hybrid IEMs 
will be reviewed and critically discussed. 
A summary of the identified research gaps will be presented at the end of Chapter 
2 along with the essential research questions examined in this Thesis. 
 
2.1 Electrolyte solutions and solvation phenomena 
Electrolyte solutions consist of an ionic solute dissociated in an ionising solvent 
or a mixture of solvents. The solubility of the substance, including ions and small 
organic molecules, is determined by the attractive and repulsive interactions between 
the substance and the solvent molecules [37]. Particularly, the solvation process of a 
substance in a solvent is dependent on hydrophobic interactions, solute-solvent van 
der Waals and solute-solvent electrostatic interactions [38]. Hydrophobic interactions 
promote the diminution of the entropy of the solute-solvent system by preferential 
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interactions between apolar molecules or between solvent molecules and apolar 
domains across a larger molecular structures [39]. The range of electrostatic 
interactions of a solvent is modelled by its relative permittivity value, which 
represents the dielectric properties specific to the solvent molecule structure [37]. 
Electrically neutral solvent molecules exhibit a permanent dipole moment, µ, due to 
unsymmetrical charge distributions across the molecular structure. As examples, 
solvent molecules containing hydrogen atoms bound to strongly electronegative 
atoms such as oxygen or nitrogen are proton donors and susceptible to form 
hydrogen bonds with other electron pair donor species. Water, methanol and ethanol 
belong to the class of proton donor solvents, or called protic solvents, and are 
susceptible to undergo solvent autoprotolysis. Water, methanol and ethanol exhibit a 
similar chemical structure with an oxygen atom as a negative charge centre and 
proton or alkyl fragment as the positive charge centre and thus exhibit similar dipole 
moment [39, 40]. On the other hand, aprotic solvents are constituted of solvent 
molecules without proton donors groups and typically exhibit inferior dielectric 
properties. Examples of protic and aprotic solvents as well as their characteristic 
properties are presented Table 1.1 [37]. The miscibility of mixed solvents systems is 
also dependent on the solvent molecular structures and dipole moments, which are 
represented by their relative permittivity values. 
The dissociation of ionic species is therefore the result of the interactions with the 
solvent molecules. In solution, solvent molecules orient themselves around ionic 
species forming a solvation shell composed of two distinctive layers [38]. The 
primary solvation shell is composed of highly oriented solvent molecules resulting 
from the strong electrostatic forces between the charged ionic species and the solvent 
molecules. At farther distance, solvent molecules are less ordered and form the 
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second solvation shell [41, 42]. In a multiple solvent mixture, the composition of the 
solvation shells was showed to highly differ as compared to in individual solvent 
solutions. Typically, the solute is preferentially solvated by a mixture of solvent 
molecules leading to the lowest energy of solvation, this phenomenon is known as 
selective solvation. Furthermore, a salt or molecule dissociated in a mixture of 
solvents may experience homoselective or heteroselective solvation [42]. As an 
example, silver nitrate dissociated in an acetonitrile/water solution was showed to 
exhibit heteroselective solvation phenomena. The silver cations were found to be 
preferentially solvated by the acetonitrile molecules as opposed to the preferential 
solvation of the nitrate anions by the water molecules [43]. On the other hand, both 
calcium and chloride ions dissociated in a binary water/methanol mixture were 
showed to be solvated preferentially by water representing an homoselective 
solvation [44]. Macromolecules and polymers are also subject to preferential 
solvation in mixed solvents environments. Indeed, macromolecular compounds such 
as poly(vinylchloride) (PVC), poly(acronitrile) (PAN) dissolve better in a mixture of 
solvents than in a pure solvent due to heteroselective solvation phenomena [45]. In 
particular, PVC was found to dissolve in a mixture of acetone and carbon disulphide 
solvents but remained insoluble in pure acetone or carbon disulphide solutions. This 
discovery was at the origin of the first commercial production of PVC fibres by dry-
wet spinning process by Rhovyl SA, France, in 1949 [46]. 
However, solvation of surfaces, such as membrane materials in contact to non-
aqueous or mixed solvents will depend on additional parameters. Solvation forces are 
affected by surface energy parameters including wetting energy, wetting film 
thickness and solvent adhesion energy [47]. The presence of solvated electrolytes 
will also influence the ordering of solvent molecules by changing the local molar 
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fractions of solvent in the vicinity of the membrane surfaces [18]. In addition, the 
change in the relative molar fraction due to the presence of a second solvent will 
affect the activity of the different compounds and thus their chemical potentials, 
which are considered to be the driving force of the transport of species at a molecular 
level [48]. 
 
Table 2.1. Selected solvents characteristics and properties at 20°C. 
Solvent 
Dielectric 
constant 
ε 
Dipole 
moment 
µ 
Solvent solubility 
in water 
(mass fraction) 
Density 
(g.cm-3) 
Protic solvent 
Water 79 1.80 N/A 0.998 
Methanol (MetOH) 33 1.71 Fully Miscible 0.791 
Ethanol (EtOH) 25 1.74 Fully Miscible 0.789 
Aprotic solvent 
Dimethyl sulfoxide 
(DMSO) 
47 3.90 25.3 1.092 
Tetrahydrofuran 
(THF) 
7.6 1.75 30 0.886 
Benzene 2.3 0.00 0.18 0.879 
 
2.1.1 Electrochemical potential of ions in solution 
The chemical potential is first introduced in Gibbs fundamental equations and 
measures the tendency of a substance to diffuse or transform as defined in Equation 
2.1 [49, 50]. 
! = #$#% &,( Equation 2.1 
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Where µ is the chemical potential, E the energy of the closed system, n the 
amount of substance, S the entropy and V the volume. 
The state of ionic species is further thermodynamically characterised by their 
electrochemical potential, which is defined as the partial Gibbs energy set at a 
specified electric potential. The electrochemical potential of each component within 
a system in equilibrium is equal in every point inside a closed system, meaning that 
no transport or transformation of the substance occur inside the closed system at 
equilibrium [51]. The electrochemical potential (!) ) of an ion, i, is defined at 
conditions of pressure, temperature, activity and local electrical potential [52]: !) = !*° + -.,*/ + 01 ln 4* + 5*67 Equation 2.2 
Where !*° is the standard chemical potential, -.,* the partial molar volume, / the 
pressure, 0 the gas constant, 1 the absolute temperature, 4* the molar activity, 5* the 
charge number, 6 the Faraday constant and 7 the electrical potential. 
The activities of the ion in solution, ai, can then be expressed as [52]: 4* = 8*9* Equation 2.3 
Where 8* is the activity coefficient and 9* is the molar concentration of the ion i  
In electrolyte solutions, the gradient of electrochemical potential is considered to 
be one of the passive driving force for the transport of ionic species [48]. The second 
and active driving force is due to the electrical field or gradient of electrical 
potentials and represents the electro-migration of the ionic species. Once an electric 
field is applied to an electrolyte solution, the cations migrate in the direction of the 
electric field and the anions in the opposite direction. Ion-exchange and electro-
membranes process operate based on electro-migration phenomena and difference of 
electrochemical between the charged species in electrolyte solutions across an ion-
exchange material. 
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2.2 Ion-exchanger and ion-exchange process  
Solid state ion-exchangers are usually prepared as beads or in granular form 
consisting of macromolecular materials with either negatively or positively fixed 
charges dispersed across a supporting matrix [53]. The electrolyte must be free to 
diffuse across the macromolecular network in order to exchange place with the 
counter-ions initially present during synthesis. The ion-exchange material (IEX) 
must therefore exhibit a reasonably high content of free volume to allow for 
unimpeded ion diffusion [54]. Polymeric ion-exchangers are typically water-soluble 
due to the hydrophilic character of the functional charged groups and must therefore 
be chemically grafted, cross-linked or encapsulated across an otherwise chemically 
stable matrix [55]. Likewise, no excessive dissolution or chemical bonds splitting 
should occur in organic or mixed solvents solutions thus requiring specific stabilities 
and modifications such as the increased cross-linking degree to act efficiently for 
electrolytes removal [56]. After synthesis, ion-exchanger polymers may be processed 
into a variety of shapes including beads, dense or porous thin sheet fabrics [57, 58] or 
other tubular geometries [22]. IEX are usually characterised by their fixed functional 
groups. 
Three main classes of IEX are industrially fabricated including cation, anion and 
amphoteric ion-exchangers. A cation-exchanger is charged negatively and designed 
to exchange positively charged ions while an anion-exchanger is charged positively 
and exchanges negatively charged ions [54]. The two later classes of IEX are the 
most commonly used for desalination applications either in fixed or mobile-bed 
column application [59] and in electro-deionisation process, which will be presented 
in the Section 2.5 of this review [60]. Amphoteric IEXs are capable of exchanging 
both anions and cations simultaneously but remain less commonly used. Amphoteric 
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IEXs have been particularly studied for the potential selective removal of mixed 
heavy metal ions contaminants [61, 62]. To date, commercial ion-exchangers are 
typically cross-linked polymeric resin based on styrene-divinylbenzene copolymers 
bearing covalently fixed ion-exchanger sites [21, 59]. IEX beads used for ion-
exchange processes are widely produced with a global market valued as over US$ 1 
billion at the end of 2016 [63]. 
Ion-exchange processes are desalination techniques based on the exchange of 
mobile ions between an IEX and a liquid phase [64]. Ion-exchange reactions are 
reversible and stoichiometric process whereby solvated cations or anions present 
within an electrolyte solution are exchanged with the counter-ions contained within 
the ion-exchanger matrix [65]. Upon exchange, the counter-ion, present initially in 
the IEX matrix, will eventually leave and migrate into the solution simultaneously as 
another ion enters the ion-exchanger matrix preserving the electro-neutrality of the 
material [66]. A general schematic of ion-exchange resin is presented in Figure 2.1. 
The macromolecular network is represented by an open and elastic matrix expanding 
through swelling by the solvent uptake. Ions in solution as well as counter-ions in the 
vicinity of the fixed charged groups are exchanged with their solvation shells leading 
to a change in solvent composition in both the bulk solution and in the free-volume 
of the IEX affecting the solubility of the remaining dissolved species in solution. A 
decrease in solubility of the counter-ion will result in fewer mobile charged species 
being available for ion-exchange process therefore limiting the ion-exchange process 
[27]. As opposed to aqueous solution, the solubility of most electrolytes such as 
mineral salts in mixed solvents or pure organic solvent, decreases due to 
unfavourable solvation energy. Theoretical models proposed to correlate and predict 
solubility of electrolytes in mixed solvents showed that the solute solubility depends 
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primarily on its preferential solvation with each individual solvent molecule. A 
detailed discussion on the prediction of electrolytes solubility in mixed solvents is 
provided in Section 2.3 of this Chapter. 
 
 
Figure 2.1. Schematic of an ion-exchange resin with a negatively charged matrix at 
(a): initial and (b): steady state [54]. 
 
Ions distribution in the vicinity of IEXs is typically represented in a series of 
layers as illustrated in Figure 2.2a. A layer composed of highly concentrated counter-
ions forms in the vicinity of the IEX surface due to the surface charge of the IEX. 
The distribution of ionised species at the surface of the ion-exchangers is usually 
described by the electric double layer (EDL) model. Figure 2.2a shows a typical 
distribution of ionic species near a negatively charged surface. The radial charge 
distribution is composed of a diffuse double layer resulting from the electrostatic 
repulsion between the ions in the vicinity of the charged surface, typically measured 
as the zeta potential of the material corresponding to the charge at the surface of the 
Stern layer (Figure 2.2b). The innermost layer, referred to as the Stern layer, 
corresponds to the first mono-layer of ions adsorbed on the surface of the material 
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while ionic species outside the Stern layer form the diffuse double layer. The layer 
distribution is represented in Figure 2.2b and will now be referred to as boundary 
layers. Beyond the diffuse double layers, or the so-called shear mark interface, ionic 
species are not polarised and considered mobile in the bulk electrolyte solution. 
 
 
Figure 2.2. (a): Schematic representation of ions distribution near a negatively 
charged surface of a particle and (b): zeta potential at the surface of shear [67]. 
 
Mass transfer between the IEX and the electrolyte solution is driven by a 
difference of electrochemical potentials, as previously defined in Section 2.1 [48, 
68]. The mass transfer within the bulk solution and across the boundary layers can be 
increased through convection and hydrodynamic agitation of the bulk solution and 
may be modelled by convection-diffusion equations [68]. The formation of 
hydrodynamic turbulences at the IEX surface reduces the boundary layer thickness 
and therefore increases the mass transfer of ions across the IEX. The boundary layer 
thickness largely depends on the geometry and roughness of the surface as the 
surface features greatly affect the turbulent transport mechanisms [69, 70]. IEX 
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materials would therefore exhibit textured surfaces in order to increase the ion-
exchange reaction rate. 
The initial state of the IEX is illustrated Figure 2.1a. The ion-exchange process 
will proceed until reaching a steady-state following a typical ion-exchange reaction 
for a mono-valent cation [66]: 0:; + <;9= ↔ 0<; + :;9=  Equation 2.4 
Where 0 is an ion-exchanger matrix; :∗ and <∗ are counter-ions with a charge 
either positive or negative in the bulk resin and in solution, respectively; 9∗ 
represents the co-ions released upon exchange. 
The reaction is completed when the equilibrium state is attained, which depends 
on the IEX material affinity to one of the counter-ions as illustrated Figure 2.1b. The 
reaction equilibrium of the ion-exchange reaction (Equation 2.4) constant can be 
expressed as follows [66]: @AB = CD×CFCF×CD	  Equation 2.5 
Where 4A, 4B and	4B, 4A represent the activity coefficients of A and B ions in the 
ion-exchange resin and in the bulk solution, respectively. In aqueous solutions, the 
activity coefficients in each phase are usually neglected and the ion-exchange 
equilibrium constant is more often defined through the molar concentration. In mixed 
solvents the activity of a species will depend on any factor previously listed that will 
affects its chemical potential. 
 
2.2.1 Properties of ion-exchange materials 
Ion-exchange materials must therefore exhibit a number of characteristic 
properties, which will determine their ionic adsorption and transport mechanisms as 
well as their chemical and mechanical stability in the electrolyte solution [64]. 
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The presence of micro- and nanopores and loose chain packing across the 
macromolecular network of the structures, typically referred to as free volume, 
promote solvent and ions diffusion thus affecting the overall uptake and selectivity of 
the IEX material [55]. During electrolyte diffusion, where no external electrical field 
is applied, the kinetics of ion-exchange process are therefore directly controlled by 
the structure and chemistry of the ion-exchanger [51]. 
The maximum adsorption capacity of the IEX depends on the total accessible 
fixed charged groups upon swelling. The ion-exchange capacity (IEC) is the charge 
density of the IEX and is defined as the total number of sites available for the ion-
exchange process [71]. The IEC can be expressed on a dry or wet weight (meq.g-1) or 
per volume (meq.L-1) in H+ form for cation-exchanger and Cl- form for anion-
exchanger [54]. In mixed solvents system, preferential solvation of the polymer 
matrix and the fixed charged groups due to polar and hydrophobic interaction will 
affect the IEC of the IEX [56]. The IEC is therefore largely dependent on the 
solvation capability of the charged framework, and thus on its surface energy and 
relative free volume. In mixed solvents, the swelling of the apolar polymer matrix 
will typically compete with the solvation of the fixed charged groups leading to a 
decrease of IEC [71]. 
The electrical potential at the interface between IEX and the electrolyte is 
characterised by the zeta potential, ζ, which is typically used to characterise the 
surface charge of material in electrolyte solutions [67, 72]. The zeta potential is 
experimentally determined and defined as the electrical potential at the surface of 
sheer between the Stern layer and the diffuse layer Figure 2.2b. The zeta potential is 
particularly used for the characterisation of nanofiltration (NF) membrane over a 
specific range of pH, electrolyte composition and concentration [73]. However, few 
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similar studies have been performed on IEX materials. In a rare example, the zeta 
potential of three IEXs were measured and correlated to the desalination performance 
of heavy metal ions present in aqueous solutions. The IEX showing the greatest 
removal rate exhibited the highest value of zeta potential, which was associated to 
the superior charge density and water content [60]. These results indicated that, 
similarly to NF membranes, the characterisation of the zeta potential of IEX could be 
particularly useful for the determination of the appropriate IEX for a given 
application. 
The ionic conductivity of an IEX is therefore determined by the number, 
availability and interconnectivity of functional domains within a largely insulating 
polymeric matrix. A group of conductive functional domains connected together is 
typically referred to as a cluster of functional groups. In order to provide a 
conductive pathway for ions diffusion across the IEX, a sufficient percolation 
threshold of clusters must be reached [74]. Solvated ions may diffuse across the 
structure with their solvation shell if the free volume and clusters are interconnected 
and large enough to allow for their diffusion [75]. These phenomena are explained 
and modelled through the percolation theory and its application to porous media, 
which relies on the IEX particle size and morphologies [74]. In order to provide 
sufficient diffusion pathways, the percolation threshold for an IEX system such as a 
300 µm thick flat-sheet IEM was found to be on the order of 65 vol% of the matrix 
volume for 30 µm swollen IEX particles to cover the entire IEM thickness [52]. 
In addition, IEXs exhibit preferential adsorption of ionic species due to their 
micro-structure and chemistry [76]. The selectivity of an IEX towards certain ionic 
species is largely dependent on the electrostatic and steric interaction between the 
fixed functional groups and the counter-ions. Counter-ions with smaller sizes are 
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more preferably adsorbed as compared to larger ions of the same valence due to the 
limited expansion of the swollen IEX matrix. Electrostatic interactions depend on the 
valence and the charge density of the counter-ions as well as their solvation state and 
their tendency of the ions to form complexes in solution [76]. The IEX properties and 
performance are therefore directly related to the nature of the electrolyte solution. In 
the next section, ion-exchange processes in mixed solvents will be specifically 
discussed.  
 
2.3 Ion-exchange processes in mixed solvents 
Water is generally the solvent found in electrolyte solutions. However and as 
previously stated, electrolyte solubility in mixed solvents is dependent on the solvent 
properties and to a less extent to the temperature of the solution [39]. Ionic species 
and molecules exhibit different solvation shell dimensions and compositions 
depending on the solvent molecules present in the electrolyte solution [39, 41]. 
The maximum solubility of salts in solution is related to the dissociation constant 
of the system salt-solvent based on the activity of the different species generated 
from the salt crystal dissociation. The solubility can therefore be related to the 
solvent properties such as polarity and dielectric constant [40]. The solvation of 
mono or multivalent salts are primarily affected by the charge of the ions and thus 
related to charge density. Small ions possess a greater charge density, which lead to a 
greater solvation. The high dielectric constant of water makes it an excellent solvent 
for most mineral salts and organic acids while non-electrolytes tend to exhibit lower 
solubility in aqueous solvents. Mineral salts such as potassium and sodium chloride, 
KCl and NaCl, respectively, are less strongly dissociated in organic solvents with 
low dielectric properties resulting in stronger electrostatic interactions between ions 
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of opposite charge. As an example, NaCl is more ionised by water than methanol and 
ethanol. The maximum solubility values of NaCl (expressed in mass fraction, ω) in 
water was found to be 26.483 as opposed to 1.375 in methanol and 0.055 in ethanol. 
In mixed water/methanol and water/ethanol solutions, the NaCl solubility diminished 
with the increase alcohol content as seen in Figure 2.3 [77, 78]. 
 
 
Figure 2.3. NaCl solubility in aqueous methanolic and ethanolic solutions at 298.15 
K (25°C). Data plotted from references [77, 78]. 
 
Only dissociated salts contribute to the activity of the electrolyte solution and are 
susceptible to participate in ion-exchange reaction. The salt solubility is thus an 
important parameter since it may influence the final number of mobile charges, 
which translates into solution conductivity and electrical resistance of the system 
[79]. The conductivity and electrical resistance of an electrolyte solution are 
therefore critical parameters in all electro-membranes processes since the driving 
force of the operation is a gradient of electrical potential. The solubility of salts in a 
mixture of two solvents can be estimated by Equation 2.6. 
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ln JsaltJN = BOP ∗ QRN − QR   Equation 2.6 
Where @T is the salt solubility in pure water, UV and U are the dielectric constant 
of the water and the solvent respectively, R the gas constant, T the absolute 
temperature and : an integer. 
However, in mixed solvents, the system is no longer considered as an ideal 
solution, and the solubility product, @WCXY, requires knowledge of the activity 4* of 
the electrolyte, i, in solution. One major difficulty is the calculation of the activity 
coefficient of salts in the bulk solution due to the difference in solvation forces. 
Models have been developed based on Debye-Huckel and Hansen solubility 
parameters [80, 81]. In mixed solvents, due to preferential affinity between the ions 
and one of the solvents, the formation of a localised gradient of solvent molecules 
around the dissociated electrolyte will affect the diffusion and therefore the ion 
selectivity and solvent permselectivity of the IEX. To date, these effects are mostly 
understood in a qualitative way and more work is required to fully understand and 
developed mathematical models of the observed behaviour. Nevertheless, research 
into the electrical properties of salt solution in solvents and mixed solvents is and 
remains important [18]. 
In mixed solvents, the solubility of a solute therefore depends on the preferential 
solvation by either one or several of the solvents comprising the mixture [82]. 
Preferential solvation can be explained and calculated using methods and models 
such as QLQC (Quasi-Lattice Quasi-Chemical) and inverse Kirkwood-Buff integral 
method [83]. However, these methods rely on independent experimental data, which 
are not always available and require approximations. The model developed by 
Chiavone-Filho and Rasmusen [84] proposes a semi-empirical thermodynamic 
model for the determination of solubility of a salt in aqueous-organic mixed solvents. 
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It is based on an extension of the UNIQUAC [85] and Debye-Huckel models [80, 81, 
86]. This model is taking into account the chemical potential of the each species in 
multi-components solution. The ionised mole fraction of a salt is used for the 
modelling of electrolyte solution and is typically referred as the sum of the mole 
fractions, x, of its constituent: Zsolute = Z**   Equation 2.7 
When dissociation occurs in mixed solvents, the mole fraction of ionised species, 
i, can be written as follows: Z* = ^_`solute^`solute;`water;`organic	solvent = ^_^ Zsolute  Equation 2.8 
Where g	 is the stoichiometric coefficient of the constituent species and % 
represents the number of moles.  
The chemical potential, !, of the solute in solid-liquid equilibrium can be written 
as: !solute& = !soluteh = gQ!Q + ij!j  Equation 2.9 
If the solid phase is constituted of pure solute then the chemical potential is equal 
to the standard chemical potential !WkXlYmn,&  in the solid state: !solute& = !soluten,&   Equation 2.10 
The activities of the species can then be expressed as: 4* = 8*Z*  Equation 2.11 
Where 8*  is the activity coefficient of the species i representing the Debye-
Huckel contributions [87]. 
The chemical potential of the solute in the liquid phase can then be expressed: 
!soluteh = !soluten,h + 01 ln(gQ^ pgj^qg )^ + 01 ln(8Q^ p8j^ qZsolute)^ Equation 2.12 
And @WCXY can be expressed as a combination of the previous equations to: 
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@salt = ( ggQ^ pgj^q)^stsoluteu,v =tsoluteu,wOP = (8Q^ p8j^ qZsolute)^ Equation 2.13 
Last, the difference between the standard potential of the solute in the solid and 
liquid phase can also be approximated as a function of the thermochemical properties 
of the solute: !soluten,& − !soluten,h = Δy. PPz − 1 + Δ9|(1. − 1(1 − ln PzP ))  Equation 2.14 
Where 1.the melting is point (K); Δy. is the heat of fusion and Δ9| is the heat 
capacity.  
Thus leading to a fully developed equation for salt solubility coefficient of: 
@salt = ( ^^p}p^q}q)^s~z ÄÄzÅp Ç~ÉÑ(ÄzÅÄ(pÅÖÜÄzÄ ))áÄ 	  Equation 2.15 
Although most of solvents and salt properties can be obtained from 
thermochemical tables [88, 89], models were also developed to simulate complex 
ternary systems where salts are dissolve into a mixture of water and an organic 
solvent. As an example, the solubility of potassium chloride (KCl) and potassium 
bromide (KBr) in mixed water and 2-methoxyethanol solutions was previously 
studied. UNIQUAC and Debye-Huckel models showed an acceptable accuracy with 
salt solubility measurement in aqueous-organic solution mixture as seen in Figure 
2.4.  
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Figure 2.4. Salt solubility diagram for a binary solution of water (x*1, water mole 
fraction) and 2-methoxyethanol for potassium chloride (KCl) and potassium bromide 
(KBr). Data points and fitting from Chiavone-Filho and Rasmussen [84]. 
 
Desalination processes in mixed solvents may also affect the bulk material due to 
preferential sorption of one of the solvents by the heterogeneous material. This 
sorption was previously showed to lead particularly to the swelling of the 
hydrophobic macromolecular chains [18]. Swelling is therefore caused by the 
combined solvation of the polymeric matrix and of the charged functional groups. In 
addition, the diffusion of counter-ions through the matrix and the electrostatic 
repulsions generated between adjacent functional charged groups were showed to 
participate to the already complex IEX swelling behaviour [55]. IEX are typically 
composite polar materials, which may be preferentially swollen by polar solvents due 
to dipole-dipole interactions and hydrogen bonds. The ion-exchange polymer matrix 
may therefore expand until equilibrium is reached between swelling of the IEX and 
the elastic force of the cross-linked matrix. On the other hand, organic solvents may 
readily infiltrate the nonpolar matrix of the polymer backbone upon swelling of the 
  26 
IEX clusters. This process leads to a competitive phenomenon between the 
increasing volume fraction occupied by the nonpolar matrix over the swelling of 
functional clusters. The competition between the swelling of the polar and nonpolar 
domains of the polymer matrix reduces the total volume left for ion-exchange 
reaction [18]. The screening of some charged functional groups across the IEX may 
therefore hamper the selectivity of the charge sites and increase the thickness of the 
material dramatically reducing diffusion and IEC. For instance it was showed that 
Nafion® 112 membranes, a commonly used IEX in direct methanol fuel cells, can 
swell up to 50% in relative expansion in pure methanol as opposed to only 12% in 
pure water [90]. Nafion® is a non cross-linked, mechanically strong perfluorocarbon 
sulfonic acid IEX. The structure of the Nafion® led to preferential swelling of the 
functional ionic clusters due to the difference of polarities and dielectric constant of 
the solvents [91]. Small Angle Neutron Scattering (SANS) was used to characterise 
diffusion of methanol and water across Nafion based materials [92]. Although the 
kinetic diameter of water is smaller (2.68 Å) than that of methanol (3.6 Å), methanol 
can preferentially swell the amorphous phase of the Nafion® 112 membranes as 
opposed to the lesser penetration of the amorphous phase by water [92, 93]. 
Excessive swelling may also lead to mechanical degradation when the swelling stress 
overcomes the mechanical resistance of the macromolecular chains of the polymer 
matrix within the material. Decrease of efficiency in Nafion® 112 IEXs have been 
reported through wrinkle phenomena due to change of swelling dimension [90, 94]. 
Bulk swelling is particularity pronounced in large structures such as IEMs [27, 31]. 
In conclusion, the application of IEXs in mixed solvents can alter the structure of 
the matrix by preferential swelling on the different phase of the IEX. The swelling of 
the nonpolar matrix over the fixed charged group leads to a screening effect of the 
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ion-exchange functional groups and thus a lower IEC and a change in the IEX 
selectivity. Electrolytes in mixed solvents are no longer considered as an ideal 
solution, where the activity coefficient 8* ≠ 1 and	4* ≠ 9*. Changes in IEX swelling 
and non-ideal conditions are important parameters to design an ion-exchange process 
but are not commonly taken into consideration nor discussed in the literature. SANS 
techniques were showed to be particularly suitable to characterise the interactions of 
solvent molecules with a polymeric material. However, SANS characterisations of 
common poly(styrene) based IEXs remain scarce as compared to Nafion® materials. 
 
2.4 Applications of packed bed ion-exchanger materials 
IEX beads are used primarily in packed bed systems for water treatment and 
resource recovery [59]. The most common application is water softening where hard 
water, which has high mineral content, is flown across a bed of cation-exchange resin 
in Na+ form to exchange with the multivalent cations from water such as Ca2+ and 
Mg2+ [95]. The regeneration of the exhausted IEXs generally involves the flow of 
concentrated solutions of sodium chloride into the ion-exchanger bed [95]. Other 
applications of IEX packed bed systems include de-alkalisation, demineralisation, 
polishing and production of ultra-pure water [64]. Water demineralisation and 
condensate polishing involve treating the effluent with a mixed bed of anion and 
cation-exchange resins where both ion-exchange reactions occur simultaneously 
[96]. 
IEXs are also commonly used as heterogeneous catalysts for chemical synthesis 
including polymerisation of polyolefin, hydrolysis of carbohydrates such as sucrose 
molecules [97, 98] as well as for a variety of esterification reactions [99]. IEX beads 
have been proven particularly suitable for biofuel production and purification [100]. 
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The removal of unreacted catalysts, salts and contaminants from mixed solvents 
biodiesel broths was successfully performed using IEXs [101, 102]. In particular, the 
desalination of biodiesel by-product effluents composed of glycerol/water mixed 
solutions was found to be suitable for the refining of glycerol up to 99.7% in volume 
[55, 103]. In addition, IEXs were directly used as heterogeneous catalysts for the 
transesterification of triglyceride feedstock for the production of biodiesel [104]. 
However, ion-exchange processes in packed bed configuration are not a 
continuous process due the necessary regeneration of the IEXs, which require 
significant operating downtimes and additional chemicals [105]. Despite the 
chemical stability of the IEXs, their ion-exchange performance deteriorates 
irremediably during operation. The causes of the IEX degradation are multiples and 
include IEX fouling, poisoning and physical degradation [106]. Biofouling of the 
IEXs is typically caused by bacteria and algae contamination. Similarly, IEXs are 
susceptible to organic fouling due to large organic acids such as humic or fulvic 
acids present in surface water. In addition, metal ions such as iron or aluminium were 
showed to precipitate across the IEX structure reducing the exchange capability of 
the materials. Oxidising contaminants such as chlorine can also chemically react with 
the IEX breaking down its chemical structure [107]. In many instance, IEX processes 
require thorough characterisation and pretreatment of the effluents. 
Although IEX purification operation is a well-established process, new niche 
applications are currently emerging in the field of industrial waste treatment. The 
purification of industrial wastewater is a growing application due to the capability of 
IEXs to target very specific compounds without leading to large concentrate volumes 
production. Waste treatment applications also include radioactive waste management 
and minimisation. The separation of thorium from uranium in a propanol/nitric acid 
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(96:4 vol%) solution was proved to be possible on a strongly basic anion-exchange 
resin [108, 109]. Furthermore, IEXs were used for the removal of carcinogenic 
chromium(III) ions in metals fabrication and surface finishing processes [110, 111], 
in metal extraction [112, 113]. However, solvent streams in these systems must be 
cooled and potentially diluted before treatment of the effluent by packed ion-
exchange bed in order to limit the degradation of the polymeric matrix and poisoning 
of the charged sites of the IEX beads [114]. Current commercial IEXs are only 
partially effective in hot organic solvents and easily damaged in irradiating 
environments [108]. Inorganic ion-exchangers and reinforcements could therefore be 
preferred for applications in such harsh environments and more stable meta-materials 
should be developed to expand the scope of applications of IEX separation and 
produce specific to applications but yet more efficient systems [115]. In the 
following sections, the current continuous electro-membrane processes and ion-
exchange membrane (IEM) materials will be reviewed. 
 
2.5 Electro-membrane processes 
This section will first present the different electro-membrane processes 
developed for liquid desalination. Then, the fundamentals of electrolyte transport 
through IEMs under the influence of an electrical field will be described. Finally, ED 
mass transfer and energy consumption will be discussed in light of the IEM 
properties. 
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2.5.1 Introduction to electro-membrane processes for desalination 
applications 
Electro-membrane processes are continuous desalination methods in which 
dissociated electrolytes migrate through an IEM under an electrical current without 
the need for regeneration. The main relevant electro-membrane processes for liquid 
desalination include continuous Electro-Deionisation (CEDI), Membrane Capacitive 
Deionisation (MCDI), Electro-Dialysis (ED) and Reversal (EDR) and will be briefly 
described in the following sections. 
 
2.5.1.1 Continuous Electro-Deionisation (CEDI) 
CEDI is an electro-membrane process used to treat low conductivity solutions 
between 5 and 15 µS.cm-1 in order to produce ultrapure water with a conductivity 
down to 0.06–0.2 µS.cm-1. As a comparison, a water stream is classified as fresh 
water if its conductivity is below 700 µS.cm-1 [116]. CEDI is a combination of ion-
exchange and electro-membrane desalination process where the driving force of the 
process is the difference of electrical potential applied between two electrode plates. 
The stack design consists of a series of cells separated by cation-exchange 
membranes (CEMs) and anion-exchange membranes (AEMs) arranged in parallel 
between two electrodes as illustrated in Figure 2.5. The diluate compartments are 
filled with cation and anion-exchange resin beads. The particles are randomly 
distributed within the diluate compartment with a packing density dependent on the 
initial beads size distribution. Alternatively, layers of ion-exchange resin can be 
arranged in parallel or in perpendicular to the flow direction aiming at reducing water 
recombination, acid and base formation [52]. In CEDI process, the ion-exchange 
resins are continuously electrochemically regenerated by water dissociation reactions 
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occurring at the bipolar junction between the IEXs. The ions taken up by the ion-
exchange resin migrate, under the influence of the electrical field, across the IEMs 
and further into the concentrate compartments. Cations will migrate toward the 
anode through the CEM and anions toward the cathode through the AEM. 
Simultaneously the ion-exchange resins are regenerated by H+ and OH- ions 
produced by electrochemical water splitting. 
CEDI process is used almost exclusively for water deionisation and ultra-pure 
water production (specific water conductivity 0.06 µS.cm-1) for the electronic, 
pharmaceutical and energy industries. Compact CEDI modules used in laboratories 
for the production of low salinity water are also available and commercialised by 
companies such as Millipore [117] and GE Water & Process Technologies [118]. 
 
 
Figure 2.5. Schematic of the continuous electro-deionisation process (CEDI) [52]. 
 
  32 
2.5.1.2 Membrane Capacitive Deionisation (MCDI) 
MCDI process is an alternative of capacitive deionisation process (CDI), which 
involves the addition of IEMs to increase the efficiency and selectivity of the process 
[119, 120]. MCDI process is a cyclic desalination method with one compartment 
being used as both diluate and concentrate compartment whereby ionic species are 
removed from solutions by electro-sorption mechanism as illustrated in Figure 2.6. A 
solution stream is flown in-between porous electrodes in front of which IEMs are 
positioned. An electrical potential gradient is then cyclically applied leading to the 
capture of ionic species across the porous and conductive electrodes. Electrode 
materials developed for MCDI typically exhibit high specific surface areas in the 
range of 103 m2.g-1 [119, 121]. MCDI consists of two-step desalination cycles. The 
first step of the cycle is ion electro-sorption where ions are adsorbed onto the porous 
electrodes and removed from the solution. Ions are subsequently desorbed during the 
second step of the cycle. The desorption step is carried out by reversing the cell 
voltage by cyclic voltammetry method. During the adsorption cycles (Figure 2.6a) 
the IEMs positioned in front of the electrodes prevent co-ions from leaving the 
electrodes and thus increasing the total ions uptake [122]. In addition, during the 
desorption cycle (Figure 2.6b), counter-ions are more effectively flushed away from 
the electrodes. The capacitive ion storage is modelled and explained by the 
electrostatic double layer model applied to the porous electrode/electrolyte interface, 
which states that excess of charges in the electrode matrix is locally compensated by 
the adsorbed counter-ion charges on the diffuse layer inside the electrolyte-filled 
pores [123]. Activated nano to mesoporous carbon powders with specific surface 
area as high as 3000 m2.g-1 are used to fabricate adsorption electrodes. The first high 
specific surface area and porous electrodes for CDI and MCDI applications were 
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prepared by mixing activated carbon with a polymer binder such as poly(vinylidene 
fluoride) [123]. 
The surface roughness and porosity of the electrode material must be finely tuned 
to optimise the specific surface area of the material and thus the adsorption capacity. 
The diffuse layer of solvated ions adsorbed on the surface of the material does not 
have a precise thickness but quickly decays with the ions concentration from the 
surface of the material and typically ranges between 6 to 9 nm for a monovalent 
electrolyte (NaCl, 10 mM, 20°C) [123]. The lower energy consumption of MCDI 
process for the desalination of low concentration NaCl model salt solutions makes it 
a promising and competitive technology against RO processes [123]. However, the 
electrode materials remain expensive and advanced selective porous electrode are 
still being developed [122]. New materials such as of carbon aerogel [124], carbon 
nanotubes [125] and graphene [126] have been studied for the fabrication of 
electrodes and are considered as promising materials leading to potential increased 
performance and salt removal kinetics [124-126]. 
 
 
Figure 2.6. Membrane capacitive deionisation (MCDI) scheme with (a): adsorption 
step and (b): desorption step [123]. 
 
  34 
2.5.2 Electro-dialysis and electro-dialysis reversal  
ED is the major electrical current driven separation process whereby ions 
solubilised in a liquid solution are transferred through IEMs from a feed to a 
concentrate stream [20]. The feed is progressively desalinated while transferring 
within the ED module. The principle of ED illustrated in Figure 2.7 shows a simple 
ED stack comprised of a multiple CEMs, AEMs, and spacers cells positioned in 
parallel between two oppositively charged electrode plates. A difference of electrical 
potential applied between the two electrodes, leads to the electro-migration of ions 
from the feed compartments to the concentrate compartment across the IEMs [19]. A 
spacer in-between the CEM and AEM separates the two IEMs and ensures both the 
distribution and proper mixing of the different flow streams within the membranes 
stack. The spacer geometries, such as sheet flow or a tortuous path flow, are typically 
designed in order to maximise the residence time and mixing of the feed and 
concentrate across the stack [17]. This configuration allows for near-complete 
recovery of the ions from the feed stream, which upon exiting the module exhibits a 
low ionic strength and is typically referred to as the diluate [19]. 
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Figure 2.7. Scheme of a conventional ED unit, Co represents the initial concentration 
of salt and C the respective concentration of salt in the diluate and concentrate 
compartment [17]. 
 
The first large-scale application of ED was the production of potable water from 
brackish water [17, 19, 127]. ED is nowadays used for the purification of streams 
across a range of applications including production of high quality process water, 
desalination of sea and brackish water, treatment of toxic or valuable components 
from industrial effluent and manufacture basic chemical products [17]. In the food 
and biotechnologies industries, ED is used for the separation of peptides, nucleotides 
and amino-acids [24]. ED is considered to have an economical advantage over RO 
for the desalination of saline and brackish water of salinity between 1,000 to 5,000 
mg.L-1 [128]. For the desalination of saline water exceeding 10,000 mg.L-1, RO is 
considered more economically advantageous [129, 130]. During ED process 
operation both the energy consumption and the membrane surface area needed 
increase strongly with high salinity feed water [129, 131]. New ED applications are 
  36 
emerging where only partial desalinisation of the stream is required, such as during 
the purification of produced water from oil and gas industries [132] or the 
remediation of heavy metal ions from metal plating industries [133]. Nevertheless, 
the high operating costs associated with the process energy consumption remain one 
of the key limitations for ED across a number of industrial applications [132]. In 
order to reduce the ED process costs, novel macro-structured IEM morphologies 
forming flow channels [52] and chemically modified spacers with ion-exchange 
capacities [134] have been successfully developed to achieve higher current 
efficiency. However, these innovative products are not yet being commercialised 
[21]. 
ED processes may be operated in batch and continuous mode [17, 19]. The 
number of cycles varies depending on the feed initial salinity, total membrane area 
and the maximum current, which may be applied through the stack. The first 
commercial use of an ED batch mode system supplied by Ionic Corporation 
(purchased by GE Water & Process Technologies in 2005) was reported over 60 
years ago for the production of potable water in remote locations. Following this 
development, in the United States alone, eight desalination plants were installed by 
1956 [127]. In Japan ED processes were developed to concentrate and recover 
minerals from seawater and were used as a pre-concentration step prior to 
evaporation and crystallisation [135]. In batch mode, the saline solution is 
recirculated from a reservoir across the feed compartment of the ED system until 
reaching the desired salinity [136]. As a comparison, RO, the current benchmark 
desalination technology, was first commercialised in 1969. In continuous ED mode, 
the feed stream is circulated only once across the ED rig to achieve the targeted 
salinity levels within one single pass [136]. ED became electro-dialysis reversal 
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(EDR) twenty years after the first commercial application [127]. In continuous and 
batch mode ED, the direction of the electric field and flow streams are fixed. 
However, in EDR processes the polarity of the electrodes can be reversed along with 
the flow streams in order to control film and scale formations [137]. Reversing the 
polarity of the electrodes during specific time interval allows for the removal of 
organic and colloidal materials, surfactants and precipitated salts on and across the 
membranes restoring the IEMs properties [31]. The reversal of the electrodes polarity 
is accompanied with a reversal of the flow stream. However, repeated changes of 
flow stream direction exert considerable mechanical stress and strains on the IEMs 
due to the IEMs structure [19]. Nevertheless, EDR is now widely used for the 
treatment of wastewater and production of drinking water from brackish water [127]. 
ED can also include a bipolar membrane inserted between a CEM and an AEM 
in which case the process is referred as electro-dialysis with bipolar membrane 
(EDBM) [138, 139]. A bipolar membrane is a composite membrane composed of at 
least one layer of anion and one of cation exchange material [21, 138]. EDBM is 
primarily used for the production or recovery of acids and bases from the feed 
solution by converting their respective organic salts [21]. Electrochemical splitting of 
the working solvent or mixed solvents, such as water, ethanol and methanol occur 
due to the high current density at the AEM/CEM contact region across the bipolar 
material. As seen in Figure 2.8, the generated H+, OH-, ethoxy and alkoxy are able to 
migrate toward the electrodes into the acid and base compartment leading to the 
generation of their ionic or salt form [140]. 
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Figure 2.8. ED with bipolar membranes (BM) for acid salts conversion [17]. 
 
2.5.2.1 Summary 
Deionisation of liquid streams can be achieved by various techniques such as 
electro-membrane processes (ED, CEDI, MCDI), ion-exchange and membrane 
processes such as (RO and NF). Electro-membrane processes use a difference of 
electrical potential to cause ions and ionisable species transport continuously or in 
batch mode. The current and major electro-membrane processes and their 
applications are summarised in Table 2.2. ED, EDBM and CEDI are mature and 
economically profitable processes for various industrial and niche applications. Each 
of the presented electro-membrane technology has specific advantages and 
limitations respective to their targeted application. CEDI is mostly used as a 
polishing process and requires extensive pre-treatment of the feed water to prevent 
scaling and fouling issues but allow for a high water recovery of 90% to 95%. On the 
other hand, ED is adequate to treat large volume of solution with fewer pre-treatment 
steps with variable water recovery rate, typically between 70% and 90% [141]. 
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Finally, CDI and MCDI are technologies still under development, which are 
expected to require limited pre-treatment while allowing similar recovery rate as ED 
[142]. In particular, MCDI is an emerging and energy efficient process but remains 
limited by the cost of the specific carbon electrodes. On the other hand, the 
efficiency of electro-membrane processes is currently limited by the IEM material. 
The development of IEMs with lower electrical conductivity and better chemical and 
thermal stability is needed to increase the competiveness of electro-membrane 
processes for a variety of applications [17]. The properties and materials used for the 
fabrication of the IEMs will be presented in the following section. 
 
Table 2.2. Electro-membrane processes for desalination applications 
Process Application(s) Material used Process state 
Electro-Dialysis 
Concentration or 
desalination of soluble and 
ionisable components  
Solvent splitting, acids 
and bases conversion  
Cation and anion-
exchange membranes 
Bipolar membranes 
Mature, 
industrial and 
niche 
applications 
Continuous 
Electro-
Deionisation  
Production of ultra-pure 
water, removal of 
electrolyte traces 
Cation and anion-
exchange membranes, 
and cation and anion-
exchange resin 
Mature, 
industrial 
applications 
Capacitive and 
Membrane 
Capacitive 
deionisation  
Discontinuous sea water 
and brackish water 
desalination  
High specific surface 
area porous electrodes, 
and cation and anion-
exchange membranes 
Laboratory 
and pilot scale 
 
2.5.3 Ion-exchange membranes 
IEMs were first developed in the 1950s enabling the development and practical 
application of ED process two years later [19, 143] and are now used in a variety of 
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electro-membrane separation processes [144]. Two types of IEMs are mainly used 
for conventional electro-membranes and ED process including AEMs and CEMs. 
CEMs contain negatively charged sites, preferentially permeating positively charged 
ions, while AEMs contain positively charged sites, leading to negatively charged 
ions transfer. There are four categories of IEMs based on their ionic properties 
including strong acid CEMs, strong base AEMs, weak acid CEMs and weak base 
AEMs. Strong acid CEMs generally have sulfonic groups, while weak acid CEMs 
are bearing carboxyl acid as the negative charged groups. Strong and weak base 
AEMs typically have quaternary amines and tertiary amines as the positive charged 
groups, respectively [21]. Modern polymeric IEMs consist of dense thin film 
membranes made of IEX and formed into dimensional structures. Commercial IEMs 
are ion-exchange polymers characterised by cross-linked hydrophobic aliphatic or 
aromatic hydrocarbon polymer chains and short side chains to which the fixed 
charged groups are attached [21]. Heterogeneous IEMs are based on an IEX and a 
binding polymer (Figure 2.9a), while homogeneous IEMs are made of plain ion-
exchange polymer shaped directly in sheet form as represented in Figure 2.9b. 
Commercially available IEMs for ED applications consist of homogeneous and 
heterogeneous IEMs and are reinforced using a polymeric cloth made of PVC, 
poly(ethylene) (PE), poly(propylene) (PP) or poly(amide) (PA) in order to improve 
their mechanical stability [145]. The properties and structures of commercially 
available IEMs are detailed in Table 2.3. 
Over the last decade, organic-inorganic (hybrid) IEMs have received a lot of 
attention [20, 21, 57] as hybrid composite materials were showed to exhibit 
synergism between the different components properties [146-148]. Hybrid CEMs are 
particularly studied in order to increase their thermal stability for applications as fuel 
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cell separator. Development of inorganic IEX could open the door to new fields of 
application where current IEMs are inefficient or only partially efficient [21]. New 
properties and phenomena can arise at the interface between the organic and 
inorganic components, however a critical aspect of their development lies into the 
control of the interface between the two materials. The control of the interface has 
revealed to be crucial to avoid structural defects leading to unstable hybrid materials 
[149, 150]. A more detailed discussion of IEMs materials will be given in section 
2.10. 
 
 
Figure 2.9. (a): Swollen heterogeneous IEM microstructure. (b): a schematic of the 
structure of a homogeneous IEM. R represents the fixed groups, A* and B* represent 
the counter-ion and co-ion respectively [17]. 
 
.
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Table 2.3. Main characteristics of commercially available homogeneous and heterogeneous ion-exchange membranes, *0.5 mol.L-1 NaCl at 25 °C, ** 
in dry form. 
Membrane Type 
Electrical 
resistance* 
(Ω.cm-2) 
Thickness 
(µm) 
IEC 
(mol.g-1) 
Water 
uptake 
(%) 
Permselectivity 
(%) 
Structure 
Burst 
Strength 
 (kPa) 
Characteristic 
Asahi Glass Co. Ltd., Japan [21, 29, 136, 151-153] 
CMV  CEM 3.0 120 2.4 25 96 
Homogeneous, reinforced 
PS/DVB 
200 Standard  
CMD  CEM 17 380 - - 94 Heterogeneous, reinforced 900 High mechanical strength 
AMV  AEM 2.8 120 1.9 19 96 PS/PVC/DVB 120 Standard  
AMT  AEM 6.0 200 - - 96 - 200 High mechanical strength 
DSV  AEM 1.1 100 2.3 18-20 92 - 100 Low resistance 
HSF  CEM 19 150 - - - PFSA, double layer 200 H+ selective 
CSO  CEM 2.3 100 - - 97 
PS/DVB, surfactant 
coated 
150 Monovalent ion-selective 
CMF  CEM 2.5 440 - - 95 PFSA 1000 High durability 
AAV  AEM 6.4 120 0.95 20-25 95 - 300 Low H+ leakage 
ASV  AEM 3.7 120 - - 97 - 200 Monovalent ion-selective 
AHO  AEM 20 300 - - 95 - 1200 
Alkali resistant, improved 
thermal resistance 
APS4  AEM 0.70 150 - - - - 200 Oxidant proof 
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Table 2.3 (continued) 
FuMA-Tech GmbH, Germany [21, 29, 136, 153-155] 
FKE  CEM  > 3 50-70** > 1 - 98 Not reinforced - Electrolysis applications 
FKS  CEM < 8 110-130 > 1 12-15 96 
Homogeneous, reinforced 
(PET) 
- Standard 
FKB  CEM < 4 80-100** 0.9–1.0 15 98 
Homogeneous, reinforced 
(PEEK) 
- EDBM 
FKL  CEM < 4 110-120** 0.6 10 92 
Homogeneous, reinforced 
(PEEK) 
- Alkali resistant  
FAB  AEM < 1 100-130 > 1.3 20 96 
Homogeneous, reinforced 
(PEEK) 
- EDBM, low H+ transport 
FAA-3-PK-
130  
AEM 1.9 130 1.43 24.1 96.6 
Homogeneous, reinforced 
(PEEK) 
- Alkali resistant 
FAP-PK AEM < 1.5 90-100** - - 92 
Homogeneous, reinforced 
(PEEK) 
- Acidic environment 
FAP  AEM < 1 60-70** - - 92 
Homogeneous, without 
reinforcement 
- Acidic environment 
FAS-PET  AEM 3.1 125-135 - 19.5 94.7 
Homogeneous, reinforced 
(PET) 
- Standard 
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Table 2.3 (continued) 
Tokuyama-ASTOM Co. Ltd. Japan CO. Ltd., Japan [21, 29, 136, 151, 153, 156] 
CMX  CEM 3.0 170 1.5-1.8 25-30 97 PS/PVC/DVB, reinforced 400 High mechanical strength 
CIMS  CEM 1.8 150 2.2-2.5 30-35 98 - 100 Monovalent ion-selective  
CMB  CEM 4.5 210 2.4-2.7 37-42 - - 400 Alkali resistant 
AMX  AEM 2.4 140 1.4-1.7 25-30 - PS/DVB 250 Standard grade 
AHA  AEM 4.1 220 0.5-3.0 13-20 - 
PE/Trimethyl-
ammoniomethyl 
900 Alkali resistant 
ACS  AEM 3.8 130 - - - - 150 Monovalent ion-selective 
AFN  AEM 0.5 160 2.3-3.5 40-55 - - 250 High acid diffusion 
AFX  AEM 1.0 170 - - - - 250 High acid diffusion 
ACM  AEM 2.6 110 1.0-1.5 15 - - 150 Low H+ transport 
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2.5.3.1 Amphoteric and mosaic ion-exchange membranes  
Amphoteric and mosaic IEMs are used in nano-filtration [157, 158] or less 
commonly in piezodialysis processes for electrolytes removal [159]. Amphoteric 
IEMs are membranes with both weak base and weak acid as charged groups, which 
are randomly distributed across the membrane matrix [54]. The charge of the IEX 
groups is therefore dependent on the pH, as well as the concentration and the nature 
of the electrolytes in the solution [160]. Mosaic IEMs are niche IEMs where anion 
and cation-exchange groups are arranged geometrically across the membrane 
thickness [136, 161], and where each domain provides a continuous pathway across 
the mosaic IEM structure [136].  
Piezodialysis is concept of pressure driven desalination process that removes 
charged species from water at working pressure above 10 MPa using amphoteric or 
mosaic IEMs. Cations and anions are able to permeate through the multifunctional 
charged and dense amphoteric or mosaic IEMs [162]. Although the theoretical 
maximum yield of piezodialysis was found to be higher than 80%, the current salt 
removal efficiency lies around 12.5% [163]. Low process performance is attributed 
to the difficulty to organise the oppositively charged discrete domains across the 
membrane. The development of piezodialysis process would requires innovative 
amphoteric and mosaic IEMs design [162]. 
 
2.5.3.2 Bipolar ion-exchange membranes 
Bipolar IEMs are bilayer membranes containing a cation-exchange layer and an 
anion-exchange layer. Bipolar IEMs are used in applications such as water and 
alcohols splitting for acids and bases conversion from their corresponding salts [164, 
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165]. Solvents splitting and selective transport of the solvent dissociation products 
occur at the contact region between the cation-exchange and anion-exchange layer. 
The intermediate layer also contains catalyst for enhancing water dissociation such as 
weak bases or acids (secondary amides, carboxylic, phenolic and phosphoric groups) 
and colloidal metal oxide (hydrated zirconium oxide, chromic nitrate, and more) [21, 
166, 167]. However, bipolar IEMs have limited stability at high over-limiting current 
density resulting in a short useful bipolar membrane life. Current bipolar IEMs 
preparation methods include fusing together an AEM and CEM by various 
techniques. New methods of preparation are constantly being investigated in order to 
improve the bipolar membranes performance and stability [168]. 
As presented in this section, IEMs need to match very specific properties in order 
to act efficiently as selective barriers for salts transfer or to induce chemical reactions 
during ED operation. In the next sections, the main properties of IEMs, and routes to 
characterise them will be presented and discussed. 
 
2.5.4 Permselectivity of ions through ion-exchange membranes 
Similarly to IEX, IEMs also swell in contact with a pure solvent or mixture of 
solvents, the solvent molecules are able to penetrate the IEM matrix due to IEMs 
micro and macro-pores and solvation of the fixed charged groups and their counter-
ions. Simultaneously, the counter-ions present in the membrane matrix will 
dissociate and diffuse into the bulk solution due to a difference of chemical potential 
between the membrane and the bulk of the solvent. Counter-ions are selectively up-
taken by the charged IEMs while co-ions are expelled into the solution. Doing so, a 
surface charge difference is generated, resulting in a potential difference, typically 
referred to as the Donnan exclusion potential [138]. The exclusion phenomenon was 
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first mathematically described in 1911 by Donnan and is now used to model the 
permselectivity of charged species through IEMs independently from physical or 
steric interactions [138, 169]. 
Swelling of the IEMs reduces the charge density and thus the Donnan exclusion 
[48]. However, the Donnan potential does not affect neutral components such as non-
dissociated electrolytes and non-electrolytes. Therefore, electrolytes present in non-
dissociated forms and non-electrolytes can be absorbed by the IEM due to the 
osmotic pressure difference leading to fouling, scaling of the IEM and even 
poisoning of the ion-exchange functional groups [48]. 
 
2.5.5 Swelling effect, mechanical and chemical stabilities 
The swelling of IEMs is typically mitigated by introducing a reinforcement fabric 
and adjusting the cross-linking degree of the polymeric macro-molecular network 
across the IEX [55]. Ion-exchange materials are largely polar due to the presence of 
fixed charged groups across their structure despite the presence of typically nonpolar 
organic polymeric chain composing of the bulk of the macro-molecular matrix [55, 
170]. The swelling of an IEM in a solvent is therefore strongly dependent on the 
nature of the ion-exchanger, the polymer backbone and the reinforcing fabric [171]. 
Swelling in water and in polar solvents are in general more pronounced than in less 
polar or apolar solvent, which is due to the polarity and the dielectric constant of the 
solvent. Swelling in pure methanol (εmethanol = 33) and ethanol (εethanol = 25) is less 
pronounced than the swelling in water (εwater = 79) (Table 2.1). Swelling in nonpolar 
solvents, such as benzene (εbenzene = 2.3), is very limited since clusters containing the 
polar fixed charged groups remain non-swollen. However, swelling in ethylene 
glycol class solvents is more pronounced than in water due to a stronger electrostatic 
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repulsion between the fixed groups in intermediate dielectric constants solvents [55, 
65, 172]. Solvation of the counter-ion is also dependent of the nature of the solvents 
and similarly is more pronounced in water. Nonpolar solvent may also induce a 
swelling of the organic polymer backbone reinforcement and organic counter-ions by 
London interactions [173]. 
The physico-chemical properties of the reinforcing material should be carefully 
selected to prevent excessive swelling and solvent cross-over during electro-dialysis 
operation. Styrene-divinylbenzene based IEMs are along the most chemically stable 
IEMs in acidic and alkali solutions, over a range of pH between 0 and 14. However, 
the reinforcing fabric in many commercially available IEMs may quickly degrade in 
alkali and oxidizing solutions. In order to increase their stability, new reinforcing 
fabrics made of perfluoropolymers have been introduced [21, 174]. However, these 
reinforcements are typically hydrophobic, which may be detrimental to the ED 
process while also offer low thermal stability for operation in hot solvent solutions. It 
is therefore necessary to develop novel classes of reinforcement materials, which are 
stable in harsh conditions and show a good adhesion strength with the IEX. 
The solvation of an IEM is expressed as grams of solvent per equivalent weight 
of dry or wet IEM [102]. The water content of the material is most commonly used to 
describe the swelling behaviour of the IEMs and can be found on the manufacturer 
data sheets. The degree of swelling is therefore highly dependent on the IEM 
preparation method, particularly the polymer used for its fabrication, the charge 
density, the species of the counter-ions in which the IEMs are equilibrated and if the 
IEMs is reinforced with a fabric. The water content is expressed in weight percent of 
the IEMs in the wet and dry state and measured at 20°C [175]. 
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In conclusion, the swelling behaviour of IEMs in mixed solvents such as 
water/ethanol, water/methanol is defined by preferential solvation of the ion-
exchange domains over the polymeric matrix. The competition between the volume 
fraction occupied by the fixed charged groups across the total polymer matrix could 
lead to a partial or total loss of IEC of the IEM. The effect of the IEC diminution on 
the conductivity of the IEMs and process performance will be discussed further in 
the next section. 
 
2.5.6 Electrical resistance and conductivity of IEMs 
The conductivity of the IEMs is given by the concentration and mobility of the 
counter-ions in the IEMs bulk material and depends on the IEC, the IEM solvent 
uptake and cross-linking degree [136, 176, 177]. When an electrical current is 
applied across an IEM placed between two oppositely charged electrodes, the 
solvated counter-ion migrates through the IEM clusters and channels to the 
oppositely charged electrode, carrying electrical current. Counter-ions are located in 
the vicinity of the functional charged groups forming a charged solution inside 
swollen clusters. The conductivity of the solution is dependent on the counter-ions 
solvation state, the composition of the solvent melange and parameters such as 
temperature and pressure. As opposed to the homogeneous IEMs, in the 
heterogeneous-type IEMs, the volume of the IEM is divided into two parts including 
the hydrophilic part of the polymer bearing the ion-exchange groups and the 
hydrophobic part occupied by the binding polymer. At the interface between the two 
phases, an electro-neutral solution is forming due to defects such as cavities and 
pores within the material. The equivalent is also true in the homogeneous-type IEMs 
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where defect occurs in the ion-exchange polymer matrix. The forming electro-neutral 
solution results into low conductivity area across the IEM structure [177]. 
Heterogeneous IEMs are less electrically conductive than the homogeneous ones 
due to the larger volume of non-conductive material, but the increase in mechanical 
resistance given by the binding polymer renders them attractive for ED and EDR 
processes. As an example, the heterogeneous CEM (CMD, Asahi Glass Co. Ltd., 
Japan) electrical resistance equilibrated with 0.5 mol.L-1 of NaCl at 25°C is more 
than five times higher (17 Ω.cm-2) than its equivalent CMV (3.0 Ω.cm-2) but exhibits 
much greater mechanical resistance (Table 2.3). In mixed solvents, the sorption of 
hydrophobic domains is even more pronounced due to the lower polarity and 
dielectric constant of the constituent of the melange. The swelling of hydrophobic 
domains forces the water out of the fixed charged groups leading to a greater area 
resistance of the IEMs. The swelling of Neosepta® commercial IEMs in methanol-
water mixture was related to the material conductivity loss. It was shown that the 
zones containing the functional groups gradually become less voluminous as the total 
methanol uptake increases. Eventually the volume of the ionised zones falls below 
the percolation threshold and the continuous junction between the two faces of the 
IEMs is not ensured anymore [91]. 
The electrical resistivity of the IEMs is usually expressed as the electrical 
resistance per unit area (Ω.cm-2). The electrical resistance of an IEM may be 
measured in a two-compartment cell with platinum electrodes, whereby the IEMs are 
equilibrated with standardised sodium or potassium chloride aqueous solution at 
25°C [178]. The electrical resistance of an IEM will increase with the concentration 
of electrolyte in the bulk solution due to an increase of salts adsorbed on the 
electrochemical double layer [176]. The electrical resistance of commercial 
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membranes was also found to decrease with increasing temperature by about 2% per 
1°C obeying the Arrhenius law [136, 177]. 
 
2.5.7 Ion-exchange capacity (IEC) 
The IEC, is defined as the number of fixed charges per weight unit of dry 
polymer [175]. The fixed charged groups concentration is determined indirectly by 
titration methods based on the assumption that all fixed charged groups are available 
and accessible to participate in the ion-exchange reaction. However, if the fixed 
charged groups remain inaccessible due to the low degree of dissociation or 
physically screen by the polymer matrix in mixed or pure organic solvent, an 
effective value of IEC can be determined experimentally. Table 2.4 shows the non-
availability of the fixed charged groups as reflected by a lower effective IEC for the 
CMB membrane (Tokuyama-ASTOM Co. Ltd. Japan, Table 2.3). The CMB 
membrane is a reinforced CEM based on hydrocarbon ion-exchange polymer, in this 
case sulfonated poly(styrene)-divinylbenzene copolymer. However, the exact nature 
of the polymeric reinforcement is not known due to trademark secrets [21, 179]. 
Nafion® 117, however, is a non-reinforced CEM belonging to the class of 
perfluorosulfonic IEM. The pronounced swelling in methanol is explained by the 
highly hydrophobic perfluorinated backbone and the lack of reinforcement materials 
which is an issue because of dimension change and solvent cross-over in direct 
methanol fuel cell applications [90, 94]. The effective IEC values are stable and even 
are increasing with the swelling in methanol and ethanol suggesting a solvation of 
the functional cluster in Nafion® 117 [180]. However, the solvent distribution 
between the polymer backbone and the functional cluster cannot be effectively 
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predicted by the IEC value alone and advance characterisation techniques such as 
neutron scattering and reflectometry could be employed [90, 94]. 
 
Table 2.4. Solvent uptake and effective IEC of strong cation-exchange membranes 
data from [180]. 
Solvent Swelling  
(wt%) 
Effective IEC  
(mmol.g-1) 
CMB, strong cation-exchange membrane, Na+ form, Tokuyama Co. Ltd. Japan 
Water 0.41 3.0 
Methanol 0.28 2.5 
Ethanol 0.24 2.2 
Nafion® 117, strong cation-exchange membrane, Na+ form, Dupont™, USA 
Water 0.25 0.91 
Methanol 0.88 1 
Ethanol 0.44 0.97 
 
2.5.8 Solvent transfer mechanisms across IEMs 
Under the effect of a direct current, co-ions accompanied by solvent molecules 
are transferred across the IEMs. Solvent molecules are electrically transported along 
with the ions solvation shells by electro-osmosis phenomena. Subsequently, a 
gradient of ionic concentration between the two compartments is created leading to a 
transfer of solvent from the concentrate to the diluate compartment by osmosis. 
Solvent transfers across IEMs are therefore due to both osmosis and electro-osmosis 
phenomena represented by !" and !#" in Figure 2.10, respectively. 
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Figure 2.10. Transport phenomena of salt and solvent across IEMs under an 
electrical potential gradient [17]. 
 
Osmotic diffusion of solvent molecules through the IEM results from a difference 
in the chemical potential of the solvent across the IEM. Solvent molecules are 
transported from the dilute solution to the concentrated compartment. Osmotic 
transport of solvent molecules was showed to be proportional to the osmotic 
pressure, (Π), between the two compartments and can be expressed with the sum of 
the solvents activities in the solution ((),*) and in the membrane phase ((),+): Π = -./01 ln 45,645,1  Equation 2.16 
However, the activity of the solvent, which is the product of its activity 
coefficient and the mole fraction can be calculated as a function of the concentration 
and temperature. In the case of solvent mixtures, the activity coefficient is assumed 
to be ≈ 1 resulting in approximation and incertitude on the transfer of solvents 
through the IEM by osmosis effect. 
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Independently from solvent being transfer across the IEMs by electro-osmosis 
and osmosis effects, IEMs should essentially be impermeable to the solution at low 
hydrostatic pressures [136]. In conventional ED processes, the differential pressure 
applied across the IEMs are typically lower than 200 kPa, depending on the fluid 
flow velocity [17] and hydraulic staging. However, very limited liquid intrusion may 
therefore occur, as opposed to pressure driven processes across dense membranes 
such as NF where the transmembrane pressure may reach up to 1,000 kPa. 
 
2.5.8.1 Thermal and mechanical stability 
The thermal stability of IEMs is determined by the IEX, the method of 
preparation, and the reinforcing fabric material. Quaternary ammonium based anion-
exchange resin are stable from up to 100°C depending of its ionic form, sulfonic 
cation-exchange resin are stable up to 120°C [181]. Mechanical strength of IEMs can 
be expressed as burst, tensile strength and tear strength for wet and dry IEMs [136]. 
IEMs are firmly placed in an ED stack to prevent leakage of solvent between the 
diluate and concentrate compartments, they undergo mechanical stress and strain due 
to physical and hydrostatic pressures of the desalination operation [17]. In addition, 
osmotic pressure fluctuation between the concentrate and diluate compartments 
increases the mechanical stress exerted onto the IEMs. IEMs used in ED are 
composite materials prepared in a multi-step process mostly based on copolymer of 
styrene and divinylbenzene modified by chemical post-treatment to add ion-
exchange functional groups. The multi-step process associated with the high cross-
linking degrees of the styrene-divinylbenzene copolymers renders the IEMs brittle 
and non-resilient. The degree of cross-linking is expressed as a content (wt%) of 
cross-linking agents and varies from 2 to 20% in extreme cases [57, 182]. 
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Some commercial IEMs may be reinforced with a synthetic fibre cloth in order to 
improve their mechanical resistance and facilitate their production [57]. The 
mechanical strength of commercial IEMs is expressed by the Mullen burst strength 
and is comprised of between 200 to 900 kPa [143, 152, 154-156]. The pressure drop 
inside an ED stack is dependent on variable or fixe ED process design parameters 
such as: stack construction, flow velocity, fluid path and IEMs properties. Increasing 
the flow rate will decrease the residence time of the solution in the ED stack while 
allowing for a higher current density. These effects are counter-acting and a balance 
has to be found depending on the application and targeted recovery rate [183, 184]. 
However, the flow velocity of the feed is dependent on the geometry of the stack and 
spacers [17]. In most ED stack used in practical applications, the pressure drop for a 
sheet path flow is between 20 to 40 kPa and 100 to 200 kPa for a serpentine path 
flow [17, 143]. In addition, the reinforcing mesh are made of polymeric materials 
which determine the thermal stability of the IEMs, most commercial IEMs are 
therefore limited to an operation usage below 60°C [21, 138]. The development of 
mechanically strong IEMs, which are stable at high temperature, may therefore 
increase their working lifetime as well as allowing a higher current density across the 
ED stack. 
Ideally, IEMs share characteristic properties such as ions selectivity, low 
electrical resistance, impermeable to the solvent under pressure, resistance to osmotic 
swelling and resistant to change of pH. 
 
2.5.9 Theory of ion-exchange phenomena in ion-exchange membranes  
Transport mechanisms in IEMs during ED operation relies on the swelling of the 
fixed charge groups due to solvent uptake until a threshold of percolation is met 
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allowing a continuous pathway of fixed charge groups between the two IEM surfaces 
[52]. Ions and solvent transport may only occur across the free volume between the 
charged sites and spaces between the polymer chains [20]. 
 
2.5.9.1 Mass transfer in electro-dialysis 
The Nernst-Planck flux equation is commonly used to describe transport 
phenomena and kinetics of ionic species across IEMs in electrolyte solutions. There 
are four competing transport mechanisms resulting from the gradient of 
electrochemical potential and the electrical potential difference including electro-
migration, !*(#), diffusion,	!*(8), electro-osmosis and osmosis (Figure 2.10).  
It can be applied to ideal systems where	9* is the concentration and :* the valence 
of the ion i and it must satisfy to the electro-neutrality condition in the material and 
in the bulk solution [71]: :* ∗ 9* = 0*   Equation 2.17 
The flux density of ion transferred though the IEM, !*(#),  under an electrical 
potential gradient, 8∅8> by electro-migration can be expressed as: !*(#) = −@*9* 8∅8>  Equation 2.18 
Where !*(#)  is expressed in mole.m-2.s-1 and @*  is the electrophoretic mobility 
expressed in m2.V-1.s-1: @* = A1B1C-.   Equation 2.19 
Where D*  is the diffusion coefficient of i, F the Faraday constant, R the gas 
constant and T the absolute temperature. 
Some ions in the concentrate compartment may back diffuse through the IEM 
against the electrical potential gradient due to the difference in activity between the 
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concentrate stream and the diluate compartment. The flux density of ions going 
through the IEM by diffusion based on Fick’s Law !*(8) is expressed in mole.m-2.s-1 
by the relation: !*(8) = −D* 8E18>   Equation 2.20 
Where 8E18>  is the gradient of concentration of the ion i. 
The convection term, FG, representing the solute transport coupled with the flow 
of bulk solvent can be expressed by Equation 2.21. However, as defined previously, 
the IEMs are essentially impermeable to solvents under pressure in ED and is 
therefore, generally neglected due to the low operating hydrostatic pressure 
conditions. !E = FG9*  Equation 2.21 
The Nernst-Planck equation can be written as follow: !* = 	−D* 8E18> − @*9* 8∅8> + F9*  Equation 2.22 
Where !*(#) is the flux of the charged species (i), the first term D* 8E18> 	represents 
the diffusion due to a concentration gradient, the second term @*9* 8∅8> the migration 
due to an electrical potential gradient and the third term F9* the convection due to a 
pressure gradient.  
 
2.5.9.2 Electrical Current and Transport Number  
The total current, i, carried by the totality of the charged species passing through 
the IEM is: I = JK = L :*!**   Equation 2.23 
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Where i is the current density, I the current, A the membrane surface, F the 
Faraday constant, z the charge number and !* the flux of the species i. 
An electrical current passing through an electrolyte solution is carried by both the 
cations and anions. Across IEMs, however, the current is carried preferentially by the 
counter-ions. The fraction carried by a certain ions is expressed by its transport 
number M*	and is given by the relation: M* = B1N1B1O11   Equation 2.24 
The IEM permselectivity, ΨJQR, can be characterised and defined by the transport 
number of ions in solution, M, and in the bulk IEM material, M by the relation: 
ΨIEM = Vcounter-ions`Vcounter-ionsVco-ions   Equation 2.25 
For example, CEM ideal selectivity toward cations, its counter-ions, should be: M cations 	= 1	and the selectivity towards its co-ions M anions 	= 0 meaning that the 
totality of the current passing through the CEM is carried by cations. Similarly, 
AEMs ideal selectivity toward anions:	 Manions	= 1	and toward cations Mcations	= 0. 
Transport numbers in electrolyte solution can be defined through the ionic 
mobility by Equation 2.26: M* = c1B1E1c1B1E11   Equation 2.26 
Where ui represents the ionic mobility (Equation 2.19) of an ion i (cm2.A-1.s-1) in 
the bulk solution considered as infinite dilution, zi the charge number and Ci the 
molar concentration in mol.m-3.  
From Equation 2.26, the transport number of an ions, i, is dependant of its own 
concentration in solution and of the ionic strength of the bulk solution. Ionic mobility 
of some ions in water, ethanol and methanol are listed Table 2.5. The ionic mobility 
is largely dependent on the charge density of the ions and its solvation state. The 
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high ionic mobility in methanol however can be explained by the low viscosity 
(0.543 mPa.s at 25°C, 100 kPa) of methanol compare to water (0.890 mPa.s at 25°C, 
100 kPa) and ethanol (1.087 mPa.s at 25°C, 100 kPa) thus reducing the frictional 
forces between the solvent and the ions [180, 185, 186]. 
 
Table 2.5. Principal ionic mobilities in water, methanol, ethanol at infinite dilution 
and at 25°C (10-3 cm2.A-1.s-1), data from [180, 185]. 
Ions 
Ionic radius  
(nm) 
Water Methanol Ethanol 
H+ - 3.63 1.51 0.65 
Li+ 0.078 0.40 0.41 0.18 
Na+ 0.098 0.53 0.47 0.21 
K+ 0.133 0.76 0.54 0.24 
OH- - 2.06 0.55 0.24 
Cl- 0.181 0.79 0.54 0.24 
I- 0.220 0.80 0.65 0.28 
 
The ionic permselectivity across IEMs is therefore largely related to the ionic 
mobilities and activities of the species in solution. Routes to increase the 
permselectivity include the design of IEMs with a surface energy allowing a 
preferential wetting and swelling of the functional IEM microstructure over the non-
functional polymer backbone by the polar solvent phase. 
 
2.5.9.3 Limiting current and mass transfer in mixed solvents 
The Nernst-Planck equation presented in Section 2.5.9.1 is used to describe the 
transport mechanism of ionic species across the bulk IEM material in electrolyte 
solutions. However, the model of the boundary layer is generally used to characterise 
and quantifies heat and mass transfer between the bulk of a flowing liquid and a 
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surface [71]. Boundary layers in the vicinity of the IEMs are represented in Figure 
2.11. The counter-ions concentration profile in the diluate side of the IEM shows a 
concentration drop because of the lower transport number of the counter-ions in the 
liquid boundary layer compared to in the IEM. Similarly, an accumulation of ions 
occurs on the side of the IEM facing the concentrate compartment. The difference of 
concentration in the boundary layer is called concentration polarisation and is the 
cause of ions back diffusion Figure 2.10 and Equation 2.20 [71]. 
 
 
Figure 2.11. Representation of a cell pair showing the concentration profile in the 
boundary layer at the surface of the IEMs [17, 132]. 
 
According to the Nernst-Planck equation the electro-migration term in Equation 
2.22 is the most dominant in the mass transfer balance and indicates that the ionic 
flux will increase linearly by increasing electrical potential gradient. However, due to 
the phenomenon of concentration polarisation, as the current increases, the 
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concentration of counter-ions as the surface of the IEM tends to reach zero and 
eventually a limiting current density is reached. The overall mass transfer is therefore 
determined by the ion diffusion through the IEM Equation 2.20 and from mass 
transfer from the bulk solution to the IEM. 
The solubility of ionic species in pure non–aqueous solvents or in mixture of 
solvents greatly varies (Section 2.1) and thus affects both diffusion mechanisms and 
the selectivity across the IEMs [136]. The miscibility of solvents and their diffusion 
across the IEM material is dependent on their dielectric constant and yet to be fully 
understood and characterised [18, 31]. The activity coefficients used in the Nernst-
Planck equation are already approximated ≈ 1 for aqueous systems and this 
assumption become even less applicable in mixed solvents solutions [136]. In such 
cases, process performance and design are determined on laboratory scale ED 
systems and not from existing models [27, 28]. Indeed, electromigration represented 
by Equation 2.18 and by Equation 2.19 through the ionic electrophoretic mobility 
and the diffusion of ions Equation 2.20 are described using the Fickian approach and 
Fickian diffusion coefficient, D*,  of the species i for a binary ideal system. The 
general Maxwell-Stefan diffusion approach includes all the friction forces present in 
the system [187]. The Maxwell-Stefan diffusion is a model for describing diffusion 
in complex multi-components systems such as electrolyte solutions. The Nernst-
Planck equation can be rewritten taking into account the coefficient of activity and 
the Maxwell-Stefan diffusion coefficient neglecting the convection term: !* = 	−d*(1 + 9* 8 ef g18E1 ) 8E18> − d* B1C-. 	9* 8∅8>   Equation 2.27 
Where d* is the Maxwell-Stefan diffusion coefficient, 9* the concentration and h* 
the coefficient of activity of the species i. 
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The major drawback of the Maxwell-Stefan theory is that unlike the Fick’s 
diffusion coefficients, the diffusion coefficients in Maxwell-Stefan theory are not 
tabulated. In addition prediction of activity coefficients in mixed solvent as proved to 
be difficult. Furthermore, different diffusion regimes exist in Maxwell-Stefan theory 
as opposed to the normal Fickian diffusion. In mixed solvents, the transport of 
species solely through diffusion can be significant. Influences of the other 
components of the systems can lead to reverse diffusion (opposed to the direction of 
the gradient) and osmotic diffusion (diffusion without a gradient). Such cross-effects 
appear in practical application as exempted by the permeation of glycerol through 
IEMs from fermentation broth leading to a loose of product between 2 to 15 wt% 
[33, 188]. However, until recently and the increasing application of ED in mixed 
solvents Maxwell-Stefan diffusion or the activity coefficient are still not fully 
discussed or taken into account [18, 189]. 
Although models for the calculation of activity coefficients and models for 
Maxwell-Stefan diffusion coefficients are being investigated, comprehensive ED 
models based on both the Maxwell-Stefan theory and activity coefficients for mixed 
solvents are still lacking. Process limitations and improvements are still not well 
mathematically defined and relied on experimental observations. 
 
2.5.9.4 Consequences of the limiting current on the desalination performance 
The concentration of ionic species at the IEM surface increases in the concentrate 
compartment along the solution pathway due to the concentration polarisation. It 
may eventually exceed the solubility limit of the ionic species leading to scaling and 
precipitation. In this case, precipitation of salts may occur inducing to the formation 
of an insulating layer on the IEM surface [178]. Similarly, on the diluate side of the 
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IEM, the salt concentration is progressively decreasing towards zero (Figure 2.11). 
The electrical potential drop leads to higher energy consumption and may lead to 
solvent autoprotolysis on the diluate side. In the case of water as a solvent, water 
dissociation, i.e. hydrolysis, would lead to the release of hydronium and hydroxyl 
ions, which will strongly affect the pH of the bulk solutions and the solution in the 
vicinity of the IEM. This may lead to IEM degradation through salts precipitation 
and irreversible poisoning of the ion-exchange groups. Solvent autoprotolysis 
equation characterised by its autoprotolysis constant pKAP can be written as follows 
[186]: 2jk lmn jokp + k`  Equation 2.28 
Where jk	 is an undissociated protic solvent molecule; jokp  the protonated 
lyonium ions and k` the deprotonated lyate ion. The autoprotolysis constant pKAP of 
water is 14.0 as opposed to methanol which is 16.9, it represents the rate constant at 
which the solvent undergo dissociation and recombination reactions. In the case of 
water splitting, the extreme pH change is particularly pronounced at the surface of 
the AEM because of the catalytic protonation and deprotonation reaction of the basic 
ion-exchange groups [190]. However, this same catalytic effect is useful for many 
applications and in particular for fermentation broth process or purification where 
aprotic solvents are added as catalyst [191]. On the other hand this may lead to a 
decrease of IEMs performance. Indeed weakly acid or basic fixed ion-exchangers are 
pH sensitive and this may lead to damage the IEMs. The limit current is reached 
when the concentration of salts in the diluate cell tends to zero, 9A → 0, In practical 
application, an empirical expression can be used to determine the limiting current 
[184]. r+*s = (@t9A  Equation 2.29 
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Where 9Athe concentration of salts in the diluate compartment is, @ is the flow 
velocity of the solution, ( and u are constants determined experimentally for a given 
ED unit. In normal design practice, the working current density is limited to 80% of 
the limiting current. This is due to the ED system design, current leakage may occur 
generating enough heat to damage IEM and equipment [192]. However, current 
leakage will be considered to be inexistent for the following discussion about energy 
consumption in ED process.  
 
2.5.10 Energy consumption in electro-dialysis process  
In ED process, the energy consumption is related to the amount of salt transferred 
from the feed solution to the concentrate stream. As opposed to other membrane 
desalination processes, such as RO, the energy loss in ED is caused by the IEM 
resistance to the ionic species carrying the electrical current.  
 
2.5.10.1 Cell pair electrical resistance and ED energy consumption  
The cell pair model is widely used to calculate the energy consumption of ED. 
Figure 2.11 shows a schematic of a cell pair constituted of a concentrate and feed 
flow stream separated by IEMs. The cell pair voltage drop,	vwx	, can be expressed as 
the product of current, I, expressed in amperes and, y , the sum of the system 
electrical resistances expressed in ohms.  	vwx 	= r ∗ y  Equation 2.30 
The cell pair voltage drop,	vwx,	is represented Figure 2.11 as the sum of the 
ohmic terms, membrane potential and junction potential at the boundary layers [129]. y = yKQR + yEQR + yC + yE   Equation 2.31 
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Where y is the electrical resistance and the subscripts F and C refer to the feed 
and concentrate stream. The electrical resistances of the AEM, yKQR , and CEM, yEQR, are generally considered mostly dependant to the IEMs characteristics such as 
IEC, as well as the IEMs morphologies such as thickness and structure [129, 132]. 
As previously shown in Section 2.5, the IEC is dependent to the solvation of the 
functional groups and the swelling of the IEM thus strongly related to the solvents in 
solution. The IEM resistances to the transport of ions will be affected if used in pure 
organic or mixed solvents solution. The composition of the feed and concentrate 
streams is dynamic and the ions concentrations will greatly vary across the 
circulation pathways due to tortuous path and turbulence producing spacers. The 
electrical resistance in the diluate and concentrate compartment, yC  and yE  
respectively, will be strongly affected by the solubility of ions in the solution and are 
difficult to predict. 
The current efficiency of a cell pair is based on Faraday’s Law and is given by 
the relation: z = 100 ∗ C∗{|∗ E|`E}J∗~   Equation 2.32 
Where z is the current efficiency of a cell pair, F the Faraday constant, C the 
feed stream flow rate, 9C and 9A represent the equivalent concentration of ions in the 
feed and diluate stream respectively, r	the direct current and Ä	the number of cell 
pairs. 
Transfer and removal of salts during ED process can be described as a mass 
transfer between the feed and concentrate streams. The mass balance in a cell pair 
between the feed stream and concentrate stream can be written as follow: 	 9C − 9A ∗ C = 9Eout − 9Ein ∗ w = Å∗J∗~C   Equation 2.33 
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Where, 9E"cV  and 9E*~  represent the equivalent concentration of ions in the 
concentrate inlet and concentrate outlet respectively and E  the flow rate concentrate 
compartment. 
The ED stack potential is represented by the sum of all the cell pairs, ∆vwx , 
resulting in: vstack = Ä ∗ vwx  Equation 2.34 
The specific energy required for the desalinisation by ED is given by: Ö = C∗{}∗ÜE}Å ∗ vstack  Equation 2.35 
The ED power consumption expressed in Equation 2.35 is proportional to the 
equivalent concentration of ionic species between the feed solution and the 
concentrate as well as to the electrical resistances of the IEMs. However, the cell pair 
model remains inadequate for calculation with activity coefficient deviating from 1, 
multi-component solutions, and different flow stream rates across the concentrate 
and diluate compartments [132, 193, 194]. The electrical current is carried by the co 
and counter-ions in solution, the resistance of the feed and concentrate is therefore 
dependant to the solubility and ionic mobility of the ions in a specific solvent or 
mixed solvents. The electrical current in the IEMs is ideally carried by solely the 
counter-ions and depend upon the IEMs swelling behaviour and counter-ions the 
solubility and ionic mobility. Designing electrically conductive IEM materials would 
therefore diminish energy loss and solvents splitting at the boundary layer by electric 
charge dissipation or storage mechanisms, which may translate into substantially 
lower energy cost and higher efficiency in ED process. 
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2.5.11 Applications of electro-dialysis in mixed solvents 
A promising application of ED process is the purification of contaminated 
organic and mixed solvents such as effluents generated in the pharmaceutical and 
energy industries. This section will present the advantages and limitations of ED and 
IEM materials in mixed and non-aqueous solvents. The ED process viability in 
mixed and non-aqueous solvents will be discussed to highlight the strategic ED 
applications in a context of scarcity of resources and increased environmental 
regulations. 
Recently ED process has been investigated for the selective removal of charged 
by-products from contaminated alkanolamine solutions. Aqueous solutions of 
alkanolamine such as monoethanolamine (MEA), diethanolamine (DEA), 
methyldiethanolamine (MDEA) are proposed as solvent for carbon dioxide (CO2) 
capture applications in the gas sweetening industry [29]. The typical amine 
concentration in these aqueous solutions ranges between 20 to 30% (w/w). The CO2 
gas molecules is first captured by binding mechanisms in cold solvent solutions, then 
the solvent is regenerated by desorbing the CO2 at elevated temperature from 110 to 
130°C [32, 195]. However, degradation of the amine solvent molecules occurs with 
the contaminants present in the gas stream or in the solvent solution leading to a 
weight loss of 1 to 3% of the total amine per cycle. The built-up of by-product causes 
a decreased performance by affecting the bulk solvent properties and also increased 
the corrosion rate of the equipment [196]. ED has proved to be a competitive process 
for the reclamation of aqueous solutions of alkanolamine [197]. However, in such 
applications, the IEMs must operate at constant basic pH ranging from 9 to 11 and 
downstream effluents must be cooled before treatment by ED to the IEMs maximum 
working temperature of 40 to 60°C [29]. In addition, contaminants such as dissolved 
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inorganic salts and hydrocarbon causes poisoning of the fixed charged groups and 
fouling at the IEM surface increasing the electrical resistance and reducing the 
process efficiency. A better understanding of the IEMs behaviour in aqueous 
solutions of alkanolamine could lead to an optimisation of the process parameter 
reducing the ED energy consumption. In addition, the development of IEMs with a 
specific tuned surface chemistry could lead to both an increase of process efficiency 
and IEM lifetime. 
ED process in mixed aqueous organic solvent was also applied for the recovery 
of valuable species in pharmaceutical effluents. Particularly, dimethylsulfoxide 
(DMSO) is both a valuable and hazardous aprotic solvent and reactant used in 
number pharmaceutical processes for the manufacturing of various drugs [198]. In 
this example, the recovery of DMSO was investigated for economical and safety 
reasons [199]. Complex pharmaceutical aqueous-DMSO effluent containing a 
mixture of salts was successfully purified by a mixed ED-distillation process [28]. 
Conventional purification methods such as distillation and evaporation were not 
considered due to the composition of the effluent. The composition of the 
pharmaceutical effluent is presented in Table 2.6. It includes both hazardous and 
explosive sodium azide (NaN3) and corrosive ammonium chloride salts (NH4Cl). 
Vacuum distillation has been proved to be unsafe and biological method not suitable 
for this effluent due to the harsh chemicals [28]. ED in batch mode was therefore 
chosen prior to a two stages vacuum distillation for the safe demineralisation of the 
effluent. The process was scaled for the demineralisation of 7500 L of effluent per 
day with an efficiency of 99.7 to 99.8%. It was showed that the sorption of the 
effluent on the IEMs is 32 to 36% lower and 20 to 31% lower for the CEM and AEM 
respectively as compared to swelling in pure water (CMI-7000 and AMI-7001 
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brands, Membranes International Inc.). In this case, this information revealed to be 
crucial in order to engineer and design the ED stack module. The successfully 
recovered solvent was then found to meet the pharmaceutical specifications for the 
manufacture of new drugs. 
 
Table 2.6. Pharmaceutical industrial aqueous-DMSO effluent composition [28]. 
Compound Composition (wt%) 
Water 75 – 80 
DMSO 15 – 20 
Sodium azide 1.5 – 2.5 
Ammonium chloride 0.5 – 1.0 
 
In other industrial sectors, ion-exchange and ED technologies have increasingly 
been used for the desalination and separation of biofuel broths. Biodiesel in 
particular has become a viable alternative to petroleum fuel because it can be 
manufactured from renewable sources such as vegetable oils and animals fats [200]. 
The main constituent of natural oils and fat is glycerides including tri, di and 
monoglycerides. Biodiesel is product by the alcoholysis (transesterification) of fats in 
alcohol such as ethanol or methanol in the presence of a homogeneous catalyst such 
as sodium hydroxide (NaOH), sodium methoxide (NaOMe) and others [201]. The 
reaction creates a rich phase of mono-alkyl ester (crude biodiesel apolar phase) and a 
polar glycerine-rich phase. The two phases are firstly separated by decantation before 
further refinements. After purification, the glycerine-rich phase is a valuable by-
product for the pharmaceutical, cosmetic and food industries [201]. The glycerine-
rich phase comprises water created in the ester synthesis reaction, an alcohol, 
residual catalyst and unwanted by-products such as fatty acid salts and saponification 
products. Similarly, the ester-rich phase contains many unwanted contaminants such 
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as salts, alcohol, water, soap and glycerine. Both streams must be further purified to 
fulfil standard and obtain a marketable product. Conventional purification methods 
include distillation and vacuum distillation, however distillation methods are 
hampered by salt deposition on the evaporator surface and require frequent process 
interruptions for cleaning. Multi-step stirred distilled water baths (50°C) followed by 
anhydrous Na2SO4 drying are a popular purification method [202]. This method 
however requires large quantities of water and additional chemicals. Depending on 
the feedstock quality and until fulfilment of the standard (EN 14214 standards), it 
can take up to 0.4 to 1 L of water per litre of biodiesel produced [191]. Disposal of 
the salts and wastewater solution in landfills causes additional cost, long-term 
environmental liabilities and deteriorates the reputation of biodiesel as a sustainable 
fuel source. Wastewater solutions mixed with part of the glycerine-rich phase have 
been successfully desalinated by ED process, however the loss of glycerine across 
the IEMs, 2 to 15%, still hampers the economic viability of the process [203]. ED 
processes could reduce the cost and number of purification steps while also 
minimising the production of waste [203-205]. However, IEMs with higher 
permselectivity in mixed glycerine water solutions are required in order to achieve 
economic viability. 
ED is currently successfully applied to desalinate a large array of effluents. 
Hazardous effluents with a high content of water have successfully been desalinated 
and the valuable components recovered [28]. Despite being successful for the 
purification aqueous-amine solution, further research has to be conducted to 
understand and reduce the adverse effects caused by the scaling and fouling of the 
IEMs. These studies pointed out the importance of understanding the changes to the 
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process in mixed solvents are crucial for the technical and economical process 
feasibility. 
In mixed solvents applications, the electrical properties of the solution and thus it 
resistance must be thoroughly investigated since typically not tabulated. The number 
of connected fixed charged groups is lower in mixed solvents thus leading to a lower 
current efficiency due to the IEM preferential solvation. The design of fully effective 
hybrid IEMs could remove the limitations of ED in mixed solvents in terms of 
process energy efficiency and product purity as well as recovered quantity. 
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2.6 Membrane and electro-membrane reactors 
In the following sections, the different configurations and applications of 
membrane reactors and particularly electro-membrane reactors will be presented. 
Membrane and electro-membrane reactors are industrially used for chemical 
synthesis or conversion applications. The membrane material can be inert in which 
case it participates only to the distribution or separation of the species. The 
membrane material can also exhibit catalytic activity in order to act both a separation 
and reactive material. The main advantage of implementing a membrane or electro-
membrane reactor is the coupling of a chemical conversion process with a membrane 
separation step reducing both the number of unit operations and therefore leading to 
an intensification of the process. 
 
2.6.1 Membrane reactors 
Membrane and electro-membrane reactors are used in multiple applications. To 
date, the major applications of membrane reactors are for steam reforming 
applications, in particular for the industrial production and separation of hydrogen 
gas from water-gas shift reactions [206]. In water-gas shift reaction process, a stream 
of carbon monoxide and water vapour enters the membrane reactor where the gas 
mixture is catalysed on the active surface of the membrane or on catalytic beads 
present in the reactor [206]. In addition, the function of the membrane material is to 
selectively remove the hydrogen gas from the reaction products in order to overcome 
the reaction thermodynamic limitations and increase of the conversion rate [207]. 
Other similar applications include methane, methanol and ethanol steam reforming 
for hydrogen gas production [208]. These reaction systems are widely used and 
highly efficient, however, one drawback remain the degradation of the catalysts due 
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to poisoning of the active sites by contaminant such as sulphur species [207]. Dense 
composite membranes based on a hydrogen selective layer made of palladium or 
palladium alloys are amongst the most studied materials for hydrogen production. 
Palladium based membranes show a high selectivity but relatively low permeability 
and high material cost [209]. 
Membrane bioreactors are another wide class of processes combining wastewater 
treatment with biogas production and purification. The membranes are used as 
retention filters for the microorganisms, sludge and other solids present in the 
biomass. Biohydrogen or biomethane are produced during the anaerobic digestion 
process and subsequently transferred through the membrane material. The type of 
membrane use is typically ceramic or polymer microfiltration (MF) or ultrafiltration 
(UF) membranes with pore size smaller than the microorganism, in the range of 0.03 
to 1.0 µm [210]. Membrane bioreactors are successfully used for both wastewater 
and biogas production. However, the efficiency of such systems rapidly decreases 
due to biological, organic and inorganic membrane fouling. Therefore, the process 
requires the implementation of extensive anti-fouling strategies as well as frequent 
cleaning procedures and membrane replacement [210]. Similarly, membrane reactors 
were also developed for biodiesel production [211]. In biodiesel membrane reactors, 
a MF or UF membrane element is placed into the main reaction tank and participated 
to the removal of the final products increasing the yield of the reaction in the reactor. 
Due to the organic solvent environment, inert ceramic or metal membranes are 
required [211]. However, recent studies aim at developing novel inorganic or hybrid 
membrane materials for both separation and catalytic production of biodiesel [212]. 
A more detailed review of biodiesel production technology is presented Chapter 7. 
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2.6.2 Electro-membrane reactors 
Electro-membrane reactors are composed of ionic or electronic conductive 
membranes such as cation-exchange Nafion® membranes in fuel cell applications. 
Fuel cells can be view as electro-membrane reactors as they allow the separation of 
reactants and products as well as generating an electrical current. In a way, a fuel cell 
could be used to convert gas streams to desirable liquid or vapour products. As 
examples, proton-exchange membrane and direct methanol fuel cells use hydrogen 
gas or methanol liquid and oxygen gas to form liquid water and heat, which could 
both be useful in remote or close environment situations [213]. Similarly, solid oxide 
fuel cells convert by oxidation methane and oxygen gas to methanol while producing 
electricity [214]. Proton-exchange membrane and solid oxide fuel cells operate at 
different conditions of temperature and with different reactants. However, their 
mechanisms are highly dependent on the membrane separation materials, which 
allow the selective transfer of ionic species.  
Many other applications have been developed including the hydrogenation and 
dehydrogenation of organic compounds [215]. In this case, an electrical potential is 
applied across two electrode plates consuming electrical energy and reactants. The 
electro-catalytic process is typically referred as proton conducting membrane reactor 
[216]. The decomposition of nitrogen oxides (NOx) and ammonia was also 
previously performed at high temperature 650 to 750°C using an ionic conductive 
ceramic electrolyte with platinum or palladium alloys electrode materials [216]. 
One of the prime industrial examples of electro-membrane reactor application is 
the manufacturing of sodium hydroxide from aqueous sodium chloride brines [217]. 
The process is based on the reduction of water molecules at the cathode and 
oxidation of chlorine anions at the anode. The two electrodes are separated by a 
  75 
cation-exchange membrane (typically Nafion®), which allows the sodium ions to 
migrate toward the cathode in the rich sodium hydroxide compartment [218]. The 
mechanisms are similar to ED process, however, the improvement of the process 
focuses on the development of stable and electro-active electrode materials in order 
to reduce the energy cost. The anode is typically formed of titanium coated with an 
electro-active layer of rare earth oxides such as ruthenium or iridium oxides. The 
cathode material is usually made of nickel or stainless steel plated nickel in order to 
reduce the over-potential of water reduction [217, 218]. 
The use of electrolytic processes for the degradation of organic pollutants from 
wastewater using electrode materials was previously investigated [219]. The electro-
oxidation of almost all small organic molecules was found to be achievable on a 
variety of electrode materials [219]. However, platinum or rare earth oxide titanium 
plated electrodes are the most common anode electrode materials [220]. A detailed 
review on electro-catalytic electrode materials for wastewater treatment is presented 
Section 2.8. Only recently, the development of electro-catalytic membrane reactors 
for the degradation of organic compounds from wastewaters was investigated [221, 
222]. The electro-active separation materials were composed of a electrically 
conductive tubular carbon membrane (0.44 µm average pore size) coated with a 
titanium oxide catalyst [221]. The electro-membrane reactor was successfully used 
for the degradation of oil, phenol and dye present in contaminated wastewaters 
providing both a effective catalytic and separation solution [221]. However, 
industrial applications of electro-membrane reactors for the treatment or wastewater 
remain limited due to the high cost of the membrane electrode materials as well as a 
lack of research and development efforts. 
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2.6.3 Conclusions and Summary 
Membrane and electro-membrane reactors allow for process intensification and 
have found multiple large-scale applications in the energy and chemical industries. 
The membrane material able to act as both separation and reactive materials are 
however particularly susceptible to degradation due to the harsh process conditions 
and require frequent replacement. 
Electro-membrane reactors share many similarities with electro-membrane 
processes. A difference of potential applied between two electrodes or applied 
directly to the separation material is used to enhance the transport or conversion of 
the reactants and products. The development of stable, electro-active and selective 
materials would therefore increase the scope of application of both membrane and 
electro-membrane reactors. 
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2.7 Ion-exchange materials 
This section will focus on the review of the different ion-exchanger materials 
used for ion-exchange and electro-membrane processes. Historically, the ion-
exchange properties of natural minerals, such as aluminates and silicates found in 
soils were first investigated at the beginning of the 20th century [223]. Then, 
advances in polymer science have led to the tailored design of IEX with enhanced 
stability in aqueous media. Nowadays, a large array of synthetic IEX developed for 
applications both in aqueous or single organic solvent environments is available. The 
different classes of polymeric and inorganic ion-exchangers will first be presented. 
Finally, the major IEM materials and structures will be discussed. 
 
2.7.1 Polymeric and inorganic ion-exchangers 
2.7.1.1 Polymeric ion-exchange beads 
Synthetic organic ion-exchange resins (IER) are the most common material used 
for ion-exchange processes. IER were first synthesised in 1935 from phenol and 
formaldehyde condensation products with either sulfonic or amine groups as 
functional ion-exchange sites [223]. This advance made possible the 
demineralisation of water by direct uptake of solvated ions by the charged sites 
across the material. The diffusion mechanisms were shown to be related to the open 
three-dimensional network of the IER, which opened the route to the development of 
selective IER. There are two types of IER, including cation-exchange and anion-
exchange resin, which correspond to their respective fixed functional groups. IER are 
usually produced in powder form (< 0.1 mm) or beads (0.3 to 1.2 mm) and typically 
consist of a polymer backbone with functionalised fixed functional charged groups 
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added by chemical treatment of the native backbone material [65]. A representation 
of the structure of an IER bead material is shown Figure 2.12. 
 
 
Figure 2.12. Example of the structure of a ion-exchange bead made of a matrix of 
styrene-divinylbenzene [105]. 
 
The polymerisation conditions of the IER dictate the final particle size and 
porosity. A variety of functional groups have been developed and added on different 
type of polymer backbones to fit specific applications [65]. The most widely used 
IER are prepared in the form of spherical beads from a poly(styrene) backbone cross-
linked with divinylbenzene. The resulting cross-linked co-polymers are formed 
through an emulsion polymerisation technique whereby the IER settles as spherical 
beads. The functional charged groups are then covalently grafted to the polymer 
backbone by chemical post-treatment. As an example, the treatment of styrene-
divinylbenzene copolymers with hot sulphuric acid or chloro-sulfonic acid results in 
the formation of a cation-exchange polymer with fixed negative charges by 
sulfonation of the styrene aromatic ring (Figure 2.13a). The preparation of anion-
exchange from the same backbone is also possible through two consecutive 
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chemicals post-treatment including a chloromethylation followed by an amination of 
the benzyl chloride groups (Figure 2.13b) [54, 178]. 
The chemistry of the most common ion-exchanger groups is presented in Table 
2.7. Sulfonic acid (-SO3- H+) and quaternary ammonium (-CH2N+(CH3)3Cl-) fully 
ionised groups are covalently bonded to the polymer matrix and are classified as 
strong ion-exchanger [65]. By definition, strong ion-exchanger groups are ionised 
across a wide range of pH. On the other hand, ternary or secondary amines are 
designated as weak ion-exchangers since they are only partially ionisable in water 
and therefore exhibit lower IEC. For example, weakly acidic carboxylic groups 
(cation-exchangers, -COOH) are no longer ionised below pH 5, therefore weak ion-
exchanger must be operated across a narrower range of pH conditions but are more 
easily regenerated during process operations [65]. 
 
Table 2.7. Example of functional ion-exchange groups [65]. 
Negatively charged groups Positively charged groups 
-SO3- -N+(CH3)3 
-COOH -N+(CH3)2C2H5 
-PO32- 
 
-HPO2- 
 
 
  80 
IERs are insoluble in most liquid media due to the cross-linked polymer matrix 
[65]. The cross-linking degree of the IER is therefore one of the most important 
parameter of the polymer matrix to control swelling in solvents and therefore final 
salt selectivity and solubility across the IEX [224]. The water content of a 
commercial styrene-based IER is typically of 50 wt% [224]. For this reason, IERs are 
also commonly used in dry forms as organic solvent desiccants and can operate with 
a wide range of solvents across a range of temperature between 135 to 150°C [225]. 
Ethanol containing 2.5 wt% of water has been desiccated with a water concentration 
down to 250 ppm, solvents such as hydrocarbons and chlorinated hydrocarbons have 
also been successfully desiccated using IERs [226, 227]. 
The IER particles size however impacts performance of the ion-exchange 
process. Smaller particles increase the kinetic of the ion-exchange process due to the 
larger specific surface area of the materials at the micro or nanoscale [68]. 
The diffusion rate of ionic species through the boundary layers on the surface of 
the IERs will be increased due to the lower internal solid volume and the higher 
surface area available [65, 228, 229]. However, in packed bed systems fine IERs are 
generally not considered due to plugging issues, pressure drop due to frictional losses 
and dust production when the IERs are dry [225]. 
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Figure 2.13. Synthesis of styrene based, divinylbenzene cross-linked, ion-exchange polymer. (a): Cation-exchange 
polymer and (b): anion-exchange polymer [54, 178]. 
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2.7.1.2 Inorganic ion-exchange granules 
Inorganic IEXs belong to an extremely large class of natural or synthetic 
materials. They can be classified according to their ion-exchange properties such as 
anionic, cationic or both. Clays, zeolites, layered titanates and zirconium phosphates 
are the best understood and common inorganic cation-exchangers [147, 230, 231]. 
Zeolites are natural or synthetic aluminosilicate minerals with a microporous 
crystalline structure. Synthetic zeolites are widely used in laundry detergent as water 
softener agents for the removal of divalent cations such as Ca2+ and Mg2+ [232]. 
Natural zeolite such as clinoptilolite and chabazite [233] are used in specialised 
applications including heavily polluted wastewater and nuclear waste treatment for 
the removal of heavy metal ions and radionuclides [234, 235]. Other applications of 
natural zeolites includes animal food supplement and fertiliser for the regulation and 
slow release of NH4+ and NH3 species [236]. 
Similarly to polymeric IEX, the IEC of inorganic IEX is related to the charged 
sites density across the micro-porous network of the materials [115]. The ion-
exchange sites are located in the layered structures and porous framework of the 
crystalline ion-exchangers. The porosity of the inorganic IEX arises through the void 
space between the layers in materials such as clays and hydroxide salts [237, 238] 
and from micro-porosity naturally present in the structure of material such as 
zeolites. The electro-neutrality within the porous crystalline structure is maintained 
by the presence of exchangeable counter-ions. Ion-exchange properties of zeolite are 
related to its structure, the pore apertures and exchange sites density inside the pores 
and cavities [239]. As an example, the selectivity of zeolite materials is mostly 
determined by its pore apertures (otherwise called ion-sieving properties), which 
  
 
83 
allow the solvated ions to exchange within the zeolite. Zeolite A used in the 
formulation of laundry powder possess a 0.42 nm pore aperture in which solvated 
ions must go through, as a result the exchange kinetic and selectivity is greater for 
Ca2+ ions than Mg2+ cations due to a smaller solvation sphere in water corresponding 
to 0.42 and 0.44 nm, respectively [240]. 
Clays are typically composed of sheets of silica (SiO4, tetrahedra) and alumina 
(Al(OH)6, octahedral) covalently bound together to form a layer. The layers are 
stacked together via electrostatic and Van der Waal’s interactions. As an example, 
mica clays are composed of one alumina sheet between two silica sheets. In clay and 
clay-like materials, ion-exchange and mechanical properties occur at the interface 
between the clay layers. A clay-like material, α–zirconium phosphate composed of a 
zirconium octahedral sheet in-between two sheets of monohydrogen phosphate 
groups, has an expandable layer structure and the fixed charged groups becomes 
available as the materials is swelling similarly to polymeric IEXs. Amorphous IEXs 
are also reported but the difficulty to prepare reproducible materials and the 
difficulty to characterise them fully hampered their studies [115]. Amorphous IEXs 
are typically nonporous hydrous metal oxides on which hydroxyl groups are 
covalently bonded on the surface. Depending on the pH of the solution, they can act 
as cation or anion-exchangers. Highly selective synthetic inorganic ion-exchanger 
based on ferro-cyanides and titanates were first developed after a program in 1979 to 
selective remove radionuclides from liquid nuclear waste and have since been part of 
normal operation in nuclear power plant [241]. These materials are used as granular 
and powder form in packed ion-exchange bed with a grain size below 0.15 mm to 
overcome their slow kinetics related to poor solid-phase diffusion rate compared to 
well hydrated polymeric IERs [241]. Such inorganic IEXs are used in the 
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purification of nuclear wastes thanks to their enhanced chemical, thermal and 
radiation stability compared to their organic IEX counterparts [148]. 
 
2.7.2 Homogeneous, heterogeneous, composite and hybrid ion-
exchange membranes 
Three classes of IEMs may be prepared from organic or inorganic IEXs. 
Homogeneous and heterogeneous IEMs referrer to an IEM made of a plain film of 
ion-exchange polymer or by mixing a fine IER with a polymer binder, respectively. 
IEMs reinforced with woven or non-woven structures are called composite IEMs. 
Finally hybrid IEMs are a novel promising class of mixed organic-inorganic 
materials. 
 
2.7.2.1 Homogeneous ion-exchange membranes 
Homogeneous IEMs are thin, single phase materials typically prepared from a 
polymer solution bearing fixed positively or negatively charged functional groups or 
by direct polymerisation of monomers followed by chemical treatment (Figure 2.9b) 
[21]. Another fabrication technique involves the grafting of functional groups into a 
polymer film followed by a chemical treatment: sulfonation for the preparation of 
CEM [242], chloromethylation and amination for the preparation of AEMs [243]. 
Various polymer films have being studied for the grafting of functional groups such 
as poly(ethylene) (PE), poly(styrene) (PS), poly(propylene) (PP), poly(vinyl 
chloride) (PVC), poly(tetrafluoroethylene) PTFE, poly(vinylidene fluoride) PVDF 
and more [21]. Grafting methods involve UV, irradiation and plasma technologies 
[244]. Although, homogeneous IEMs are commercially available, their production 
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requires several chemical synthesis steps involving expensive and toxic chemicals. 
The development of such membranes is driven by research on polymeric material for 
fuel cell applications, which are stable in strong oxidising environment, shows good 
proton conductivity and possess high thermal resistance above 130°C for high 
temperature direct methanol fuel cell applications [245-247]. Such fabrication 
techniques lead to a relative homogeneous distribution and typically to high densities 
of the functional groups across the polymeric matrix [17]. Polymeric backbones 
could however exhibit semicrystalline structures leading to partial phase separation 
and accumulation of functional groups [248, 249]. Non-conductive domains with 
size up to 2 µm at the surface of the IEM were previously observed across 
homogeneous IEM from the Neosepta AMX brand (ASTOM Corp., Japan) [250]. 
This phenomenon of charge densification is responsible for local higher value of 
current density possibility leading to water splitting phenomena and local change of 
pH. This effect is however considerably more important in heterogeneous IEMs were 
the volume fraction of the non-conductive binding polymer is up to 40 wt%. 
However, IEMs prepared by the copolymerisation of cross-linking divinyl monomer 
and a styrene monomer have generally a poor mechanical stability due the multi-step 
process and short cross-linking chains bearing the fixed charged groups. AEMs tend 
to be too soft and CEM too brittle and both are inadequate with ED process stress 
and strains [136, 251, 252]. Therefore, in order to overcome the poor mechanical 
stability, homogeneous IEMs are often prepared as composite membrane materials 
whereby the monomers mixture is polymerised across a backbone polymer or onto a 
supporting material [19, 253, 254]. 
 
  
 
86 
2.7.2.2 Heterogeneous ion-exchange membranes 
Heterogeneous IEMs consist of a finely powdered IER homogeneously mixed 
with a binding material [21]. The powder mixture is then made into a thin film by 
either hot-pressing or shaping through hot calendaring [255]. The grinding of the 
IER is carried out in a mill to achieve particle size typically below 100 µm to prevent 
the formation of defects in the form of cavities and to provide the IEMs with good 
mechanical strength. The fraction of grinded IER must be high enough to provide a 
continuous path of conductive particles across the entire thickness of the IEMs, 
typically referred to as the percolation threshold, without compromising the 
mechanical integrity of the IEMs [136, 251, 252]. Polymeric binders such as inert 
thermoplastics PVC, PE, PP and PS are amongst the most commonly thermoplastic 
polymers used from the preparation of commercial heterogeneous IEMs due to 
thermal properties and their low cost [138]. Chemically inert polymer binders should 
ideally exhibit high chemical and mechanical stability, while providing a good 
contact between the IER. The thermal properties of the binders are also important 
since their softening and melting points should be higher than the maximal process 
operation temperatures during desalination operation [138]. However, the IER 
particles across heterogeneous membranes are typically unevenly distributed within 
the polymer binder matrix due to mixing of the ion-exchange fine powder and the 
polymer binder, resulting in an IEM structure as depicted in Figure 2.9a. The IEMs 
preparation is critical to avoid the formation of physical micron-sized gaps and pores 
localised at the interface between the IER particles and the polymer binder, which 
may lead to issues such as loss of permselectivity during operation [20]. In fact, 
although heterogeneous IEMs are the cheapest IEM materials to be produced while 
offering more versatile properties than homogeneous materials, their permselectivity 
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to salts and electrical conductivities are generally lower than those of the 
homogeneous IEMs due to a lower IEC and gaps filled with liquid or electrolyte 
solution [21, 256]. 
 
2.7.2.3 Composite ion-exchange membranes 
Composite IEMs consist of reinforcing materials having a woven or non-woven 
structure imbedded in the ion-exchange resin. Such reinforced IEMs can be prepared 
by past methods, pressing the IEMs onto the reinforcing mesh [257, 258], pores 
filling a substrate with a monomer solution before polymerisation or pore filling the 
substrate with a IER solution before evaporation of the solvent [259, 260]. The 
reinforcing material is imbedded to balance the IEMs properties as well as to allow 
for their manufacture in large scale, it is therefore a crucial element of the IEMs [57]. 
These membranes may be prepared by casting or pressing an IEX across a thermo-
mechanically solid but porous reinforcing matrix to mechanically support the IEX 
[254] and reduce their volume expansion from solvent uptake [261]. An inert 
material woven or non-woven fabric is usually employed. Reinforcing fabric are 
usually inert plain organic synthetic fibres. They are fabricated through a variety of 
methods with many different materials [262]. A variety of stable polymer 
reinforcement fabrics have been investigated to prepare composite IEMs including 
such as polyamides (nylon), PE [263], PVDF poly(vinylidene fluoride), PP, 
tetrafluoroethylene (Teflon) and PVC [264, 265]. The different suitable polymeric 
reinforcements are shown Table 2.8. Furthermore, macro-porous micro-filtration 
membranes have been used as a reinforcing material instead of the woven fabric by 
pore-filling method [266]. Inorganic woven and non-woven fabrics such as natural 
fibre, glass fibre fabric and blend of natural and synthetic fibres have also been used 
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[57]. However IEMs reinforced by a glass fabric has been found to have a high water 
permeability and low durability [267, 268]. Non-Woven carbon fibres made of 
carbonized poly(acrylonitrile) fabrics have also been investigated to act as a 
reinforcing material [266]. 
The electrochemical and mechanical properties of both homogeneous and 
heterogeneous IEMs are balanced in this system by introducing the reinforcing 
material [21]. IEMs show higher electrical resistance but the mechanical stability of 
the composite membranes with specific substrates was shown to be enhanced due to 
the presence of the inert reinforcing fabric [21]. However, materials employed as a 
reinforcement material possess different physico-chemical properties from that of the 
IER such as different surface energy. The bond between the reinforcing materials 
and the ion-exchange resin become unstable over a continuous period of time 
especially in mixed solvents where the apolar solvent can easily swell the reinforcing 
material. Composite IEMs were also shown to be less sensitive to the osmotic 
swelling effects due to the smaller domains of semi-continuous IEX dispersed across 
the 40-60% porosity reinforcing material [269] and solvent cross-over [57]. 
However, the presence of the reinforcing mesh reduces the stability of the IEMs to 
high temperature conditions [245]. To date, very few studies have been focused on 
evaluating the role of the reinforcing fabrics and impact on ion diffusion and solvent 
cross-over during ED operation. For example, PVC reinforcing fabric have only been 
studied in terms of mechanical reinforcement and its effects on the IEM mechanical 
strength [270]. Hybrid IEMs containing porous inorganic supports, additives or 
inorganic ion-exchanger particles will be detailed in the following section. 
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Table 2.8. Woven, non-woven fabrics and macro-porous materials suitable as 
reinforcement substrates [271-273]. 
Woven fabrics 
Polyvinyl chloride (PVC), low and very low density 
polyethylene (LDPE and VLDPE), polypropylene (PP), 
polysulfone (PSU), nylon. 
Polyester: polyglycolic acid (PGA), polyhydroxyalkanoate 
(PHA), polyethylene teraphthalate (PET), polybutylene 
teraphthalate (PBT), polytrimethylene teraphthalate (PTT), 
polyethylene naphthalate (PEN), Vectran®. 
Microporous sheet 
and non-woven 
fabrics 
PVC, LDPE, VLDPE, polypropylene, polysulfone, nylon 
Polyester: PGA, PLA, PCL, PEA, PHA, PET, PBT, PTT, 
and PEN 
 
2.7.3 Hybrid ion-exchange membranes 
Inorganic–organic (hybrid) IEMs are produced by a variety of methods including 
sol-gel process, blending, in-situ functionalisation and pore filling methods [21]. The 
modification of both heterogeneous and homogeneous IEMs by incorporation of 
inorganic additives and fillers such as nanoparticles is one of the easiest techniques 
used for the development of hybrid IEMs [174, 274-277]. Such modifications aimed 
at enhancing the IEM properties such as selectivity, charge density or mechanical 
strength. However, the proper dispersion of nanoparticles was found to be difficult 
due to the formation of aggregates, which led to a decrease of selectivity and 
mechanical properties across the IEMs [278]. Various techniques were used to 
ensure a proper dispersion of the nano-additives. Among them, the use of surfactants 
was shown to enhance the dispersion of the particles and even formed specific 
templates across the polymer matrix [276]. However, the removal of the surfactant 
molecules remained challenging since it usually involved harsh chemicals or 
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calcination at elevated temperatures [276]. Nevertheless, the addition of inorganic 
particles across a polymeric ion-exchange solution prior to casting remains the most 
popular fabrication techniques. As examples, the addition of sulfonated mesoporous 
silica nanoparticles (100 to 400 nm) across homogeneous IEMs was particularly 
studied for desalination and fuel cell applications [278-281]. The modification of 
sulfonated poly(ethersulfone) ion-exchange polymer with the addition of 0.2 wt% 
functional silica nanoparticles (100 to 150 nm in diameter) was shown to increase the 
conductivity and permselectivity of the material by up to 20 folds and 14%, 
respectively, as compared to the plain ion-exchange polymer [278]. However, the 
addition of more than 1 wt% of functional silica nanoparticles led to the formation of 
nanoparticle clusters and defects at the interface with the polymer matrix reducing 
both the permselectivity and mechanical strength of the hybrid IEMs [278]. 
Nafion® homogeneous membranes have also been extensively modified by the 
incorporation of nanoparticles such as sulfonated mesoporous silica or carbon 
nanotubes in an effort to improve the mechanical strength or ionic conductivity of 
the material at high temperature (> 120°C) in fuel cell systems. The ionic 
conductivity of Nafion® IEMs modified with sulfonated mesoporous silica 
nanoparticles was shown to increased by up to 10% at high temperature as compared 
to the pristine materials. This effect was associated to the capacity of the mesoporous 
silica nanoparticles to retain water molecules even at high temperature [282]. 
However, the addition of more than 20 wt% of mesoporous silica nanoparticles led to 
mechanical failures and brittleness of the Nafion® hybrid material [278, 281, 282]. 
The incorporation of carbon nanotubes across the Nafion® polymer matrix gave to 
the material new properties including electronic conductivity [174, 283]. The 
addition of 1 to 2 wt% carbon nanotube fillers led to a decrease in methanol 
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permeability by up to 60% due to a reduction of free volume across the polymer 
matrix and was associated with a decrease of ionic conductivity of 2 to 5%, 
respectively [283]. The ratio between the reduction of methanol permeability and 
ionic conductivity was found to be particularly advantageous for direct methanol fuel 
cell applications [283]. However, in fuel cell systems, electrically conductivity of the 
materials is not desirable due to the risk of short-circuits [283]. The threshold value 
was found to be around 2 to 3 wt% of carbon nanotubes before Nafion® membranes 
became electronically conductive. 
Heterogeneous IEMs comprised of IEX beads dispersed across an inert polymer 
binder phase were also heavily modified with the incorporation of nanoparticles. A 
variety of metal and metal oxide nanoparticles have been used including titanium 
dioxide [284], iron, zinc and aluminium oxides [285-287], iron-nickel and titanium-
iron oxides [288, 289] and silver [290, 291]. A large majority of the studies were 
aimed at assessing the feasibility of the hybrid materials. Such studies were 
performed in order to take advantage of specific known properties of the 
nanoparticles. 
Titanium dioxide (TiO2) nanoparticles (15 to 25 nm) were incorporated in a 
heterogeneous cation-exchange base solution prior to membrane casting in an effort 
to increase the adsorption capacity of the IEMs [284]. The ion-exchange capacity 
(IEC) was shown to increase by as much as 45.5% with the addition of 1 wt% of 
TiO2 nanoparticles. However, the addition of more than 1 wt% of TiO2 nanoparticles 
resulted in a loss of IEC due to the blockage of the ion-exchange functional groups 
by the nanoparticles. Zinc oxide (ZnO) and silver nanoparticles were used as 
inorganic fillers for their antibacterial properties [286, 290]. The NaCl ionic fluxes of 
the hybrid IEMs containing silver nanoparticles increased by a maximum of 57% 
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with the addition of 16 wt% silver nanoparticles. The ionic flux increase was 
attributed to the electrical properties of the metal nanoparticles [290]. In addition, the 
hybrid IEMs were shown to slow down the growth of Escherichia coli bacteria by 
38% after 13 h of culture [290]. Hybrid IEMs modified with the addition of 16 wt% 
ZnO nanoparticles showed similar antibacterial properties. However, the NaCl ionic 
flux increased increase only by 11%, which was attributed to the inferior electrical 
properties of the ZnO nanoparticles [286]. 
Recently, graphene oxide (GO) materials were used as additives for the 
preparation of hybrid IEMs for desalination and fuel cell applications [292, 293]. Up 
to 10 wt% of GO particles were added to a solution of sulfonated poly(ethersulfone) 
[293]. The ionic conductivity of the hybrid materials composed of 10 wt% GO 
particles increased by a factor 2.7 due to the additional carboxyl and hydroxyl groups 
present across the GO particles [293]. However, the electrical conductivity of the 
hybrid materials decreased drastically by one order of magnitude from the 
unmodified ion-exchange polymer to the 10 wt% GO hybrid material probably due 
the insulator properties of GO [294]. 
The formation of porosity across hybrid materials is complex and results of a 
combination of multiple effects such as the polymer-inorganic particles interfacial 
gap, aggregates formation and the initial porosity of each component. Therefore, 
hybrid materials present non-uniform porosity distribution, which is related to the 
inorganic particle sizes, shapes and masse ratio. As an example, the effects of the 
shape and size of sulfonated meso-porous silica nanoparticles included into IEMs 
was previously investigated. The best performance enhancement was shown to be 
related to the increased interfacial surface area and was obtained for smaller and non-
aggregated spherics particles (100-150 nm). The fabrication of functional and stable 
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hybrid IEMs with inorganic fillers was successfully performed in a number of cases, 
however, the overall desalination performance were ultimately lower or similar as 
compared to commercial polymeric IEMs [278, 295, 296]. 
Another approach for the preparation of hybrid IEMs consist of the inclusion of 
inorganic ion-exchangers such as zirconium phosphate dispersed into an inert 
organic polymer binder such as Teflon® or poly(fluorovinylidene) [297]. Early 
studies reported the preparation of such systems with a amount of inorganic ion-
exchanger representing as much as 30 wt% of the hybrid material [297, 298]. The 
performance of the hybrid IEMs were on average 50% lower with a 80% lower 
current efficiency as compared to polymeric IEMs, which was likely related to the 
insufficient contact between the dispersed inorganic ion-exchange particles and lack 
of continuous path across the hybrid IEMs [297, 298]. In addition, the hybrid IEMs 
presented poor mechanical resistance but outstanding thermal stability as compared 
to the polymeric IEMs [297]. The dispersion of inorganic additives and ion-
exchangers has proved to be difficult but realisable. To date, no new data or study in 
this research directions were available. 
The preparation of composite hybrid IEMs using inorganic porous substrates, 
such as micro and nanoporous ceramic substrates was also reported [299-301]. The 
aims of the studies were to benefit from the thermal, chemical and radiation 
resistance of the inorganic materials for applications in ionising environments and 
fuel cell systems [302, 303]. The interface between the inorganic porous substrate 
and the IEX was found to be crucial in order to avoid the loss of ion-exchange 
materials during operations. Indeed, ceramic hybrid IEMs were showed to be 
unstable in alkaline conditions due to hydrolysis reactions between the functional 
coating and the support material [299]. The hybrid membranes were only functional 
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across limited pH range, exhibiting water adsorption, selectivity and ionic transport, 
however, no direct performance comparison with commercial IEMs were performed 
at the time. 
The reactivity of the ion-exchange polymer with inorganic materials should also 
be taken into account. The preparation of IEMs typically exposes the inorganic 
additives and reinforcing material to reactive and oxidative chemicals. Both 
inorganic components must be stable in contact with monomers solution, reactive 
polymer in solvent and to the solvent itself. Furthermore, aggressive chemical post-
treatments are generally required for the preparation of homogeneous IEMs. 
Embedding the reinforcing fabrics and the dispersion of the inorganic particles must 
preserve both the functional groups of the ion-exchange material and the surface 
chemistry of the other component [146, 304]. The majority of the reinforcing 
materials used to date are hydrophobic while the IEX are naturally hydrophilic due to 
the polar functional fixed groups [305, 306]. Therefore, defects and vacancies 
including physical voids or micropores at the interface between the IEX and the 
inorganic materials were found to greatly affect the interfacial adhesion and 
compromise the IEMs performance such as permselectivity and ion conductivity 
[307, 308]. During hybrid IEMs preparation, rich phases composed of inorganic 
additives were observed. The inorganic additives formed clusters and pores leading 
to a decreased mechanical stability of the IEMs. In many cases, the functional ion-
exchange groups of the ion-exchange polymer were inaccessible due to the formation 
of inorganic clusters reducing the IEC values of the hybrid materials [278]. 
For these reasons, the control of the interfaces between components in the hybrid 
composite material is critical to produced efficient IEMs. IEMs should exhibit 
excellent mechanical and chemical stabilities during the electro-membranes 
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operation. The bond between the inorganic components and the IEX must be 
homogenous, chemically stable, solvent tight and resistant to the swelling forces. The 
surface chemistry of the inorganic component is crucial to form defect-free 
interfaces. Coupling agents and bridging precursors are widely used to enhance 
adhesion between polymeric and inorganic materials [309, 310]. 
The design of a stable interfaces between the reactive organic polymer and the 
inorganic reinforcing material remains challenging. Better interfaces between the 
inorganic ion-exchanger and the organic polymer and potentially covalent grafting of 
the inorganic exchanger on the organic matrix polymer might favour the formation of 
synergic hybrid network. Specific bridging agents such as organosilane or phosphide 
could be used to form a strong and stable interface [310, 311]. The concept and 
potential of coupling agents as a third intermediate to bind organic and inorganic 
material will be discussed in the next section along with potential inorganic 
reinforcements for the design of hybrid, cost-effective and more efficient IEMs less 
sensitive to swelling in mixed solvents.  
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2.8 Inorganic supports for the preparation of hybrid ion-exchange 
membranes 
The novel hybrid IEMs should be ideally composed of an inorganic electrically 
conductive and macro-porous reinforcement filled with a selective IEX material 
atomically linked by a designed interface, acting simultaneously as an intermediary 
protection and adhesion promoter film. The surface chemistry of the substrate, its 
morphology and mechanical properties are particularly important for ED applications 
in mixed solvents. The reinforcement material should also exhibit specific 
morphological properties such as a high porosity, large pore-size (macropores), and 
should be as thin as possible to limit resistance to the transport of solvated ionic 
species. 
Inorganic membranes offer very good stability in organic solvent environments 
and over a wide range of temperatures and pH [312]. Porous inorganic membranes 
such as metal materials, carbon-based materials and ceramics are therefore pertinent 
candidates for the reinforcement of IEMs. Porous materials can be processed through 
a variety of methods including solution casting and phase inversion process, fibres 
spinning, powder sintering process and foaming process. However, metal, metal 
oxides, carbon-based and ceramic are all high-energy surface materials compare to 
polymeric material [313, 314]. The interface IEX/inorganic material must be 
carefully controlled to avoid any failure of the IEM material. IEX tightly bound to an 
inorganic and mechanically strong reinforcement by the means of bridging 
precursors would limit the solvent fractionation and increase the structural and 
mechanical stability of the IEM in organic and mixed solvents. 
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2.8.1 Control of the organic-inorganic interface by specific bridging 
precursors 
Coupling agents are used in a wide range of application in particular for the 
bonding of organic and inorganic material. Among the variety of coupling agents, 
organosilanes and phosphides are the most popular. The coupling agent molecule 
typically shows a dual functionality including one hydrolysable functional group, 
which is involved in the reaction with the inorganic substrate and a non-hydrolysable 
organic radical, which enables the bonding with the polymer. 
One of the first used organosilane coupling agents was reported in the mid-1940. 
It aimed at improving the adhesion of resin to inorganic oxides such as silica and 
alumina [315]. The surface coating of a metallic substrates is however more recent 
and was proven to be fairly easy to perform based on aqueous sol-gel reaction with 
silane and phosphide coupling agents. The metal surface oxide content is essential to 
achieve strong coordination bond with the coupling agent. Hydroxylations by water 
plasma or steam oxidation of the metal substrate are both techniques, which can 
achieve high surface oxide content [316-318]. Nowadays a variety of metallic 
surface have been successfully functionalised including stainless steel surfaces [319], 
copper [320] and aluminium [321]. In addition to the enhanced adhesion strength, 
organosilanes are also emerging as an alternative to chromium coating for anti-
corrosion and water barrier applications [322-324]. The strong and defect-free 
interface between the inorganic reinforcement and the IEX is dependent on the 
quality of the coupling agent film, which relies on the substrate morphology and pre-
treatment. Treatment of metal surfaces by mean of organosilane films has become an 
effective and environmentally friendly alternative to carcinogenic chromate coating 
for corrosion protection purposes. Corrosion of reactive metals such as magnesium 
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alloys to stainless steel can be controlled by surface pre-treatments based on 
organofunctional silanes, phosphides and thiols [325]. However, the coupling agent 
layer must be thin enough to preserve a the electrical conductivity of the base 
material [326]. Organosilane films applied on cleaned metal substrates have been 
particularly used in industry as primers and coupling agents to promote adhesion 
between the metal substrate and the polymeric conversion coating ranging from 
epoxy and waterborne paints coating to thermoset polymer moulding [323]. 
 
2.8.2 Porous inorganic materials 
Inorganic porous materials have been extensively studied for the preparation of 
inorganic membranes and filters. The most common inorganic porous membranes 
are symmetric and self-supported structures made from ceramic or metal material 
[327]. The inorganic porous structure can be used directly in separation process 
without further modification or undergo post-treatments such as mono or multi-layer 
coating to form asymmetric composite inorganic membranes [328]. In this case, the 
porous support provides mechanical strength and stability to the selective inorganic 
layer [329]. The morphology of the support can be woven or non-woven flat-sheet 
meshes, tube like, multichannel, monoliths or a thin hollow-fibre architecture [330]. 
The selective layer can be made from pure metals, metal alloys such as palladium-
silver alloys for hydrogen separation [331] or from electrically conductive mixed 
oxides for oxygen separation [332]. The selective layer can be deposited on the 
surface of the support by a variety of process such as electroplating, electroless, 
chemical and physical vapour deposition. In particular, chemical and physical vapour 
deposition are commonly used to depose an ultra-thin layer of metal, metal alloy or 
ceramic onto a porous or non-porous substrate [333]. Recently, carbon nanotubes 
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and graphene were successfully deposited on metal substrates such as dense copper 
foils before being transferred onto a porous polymeric substrate to form hybrid 
separation materials [334-336]. Graphene was also directly coated, by electro-
deposition techniques, onto non-woven porous stainless steel meshes in order to form 
a reactive and corrosion protection graphene coating [337]. In this particular 
example, the corrosion resistance of the stainless steel materials increased by up to 
50% due to the surface graphene deposition [337]. 
Although, ceramic [338, 339] and metal membranes [340, 341] are commercially 
available and used for aqueous liquid separation and wastewater treatment [342]. The 
exceptional chemical, thermal resistances properties of the inorganic membranes 
open up new field of application where the limitations of polymeric membranes are 
reached. Ceramic membranes are particularly used for solvent filtration due to their 
exceptional stability in solvent at high temperature (up to 300°C) including in aprotic 
solvent, which can be an issue for polymeric membranes due to chemical 
degradation, polymer leaching and lower thermal resistance (120°C) [13]. Ceramic 
membranes are however brittle and need to operate at lower pressure (10 to 15 bar) 
than the working pressure of polymeric membranes (15 to 30 bar) for a same 
application [13]. Metal membranes such as stainless steel have high mechanical 
strength and are pressure and temperature resistant [343]. Their major field of 
application is in industries such as biofuel and food-processing due to their excellent 
resistance to chemical and steam sterilisation procedures [344]. The strength of 
carbon membranes are they high selectivity as well as thermal and chemical stability 
over polymeric membranes. Molecular sieve carbon membranes are promising 
materials for gas separation applications with pore size in the range of 3 to 5 Å [345-
347].  
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Recently, inorganic HF membranes (outer diameter ≤ 1 mm) have been 
successfully prepared via dry wet-spinning process [348]. For this process, inorganic 
particles are added to a spinning mixture. After the spinning, the fibres undergo 
thermal processes to remove the polymer and sinter the inorganic particles together. 
HF membranes have several advantages compare to flat-sheet and tubular 
membranes. HF membranes offer high surface to volume ratio without the need for 
spacers, thus leading to more compact and simpler design module [348]. A section of 
this review will be focusing on the inorganic HF membranes and on their fabrication 
process. 
 
2.8.2.1 Generic fabrication methods of porous inorganic support structures 
The morphology and properties of the porous inorganic structure greatly vary 
depending on the fabrication technique [349]. Physical and chemical vapour 
depositions are typically only used to form thin active layer of pure metals such as 
titanium, silver, platinum or palladium on porous substrates [350, 351]. Similarly, 
metal ions deposition techniques have been used to form controlled thin coating of 
metal layers on top of electrically or non-electrically conductive substrates by 
electro-plating and electroless deposition method, respectively [349, 352]. De-
alloying is another technique to produce thin porous metal film. De-alloying 
techniques are based on the selective chemical or electrochemical etching of thin 
metal alloy film pre-deposited on a substrate [353]. 
The fabrication of larger macroporous inorganic structures required coarser 
fabrication techniques such as investment casting, foaming or solid phase forming 
[354]. Investment casting is a historical and mature process where advanced 
refractory waxes and other materials such zeolites and specialist alloys are used as a 
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template to form complex shapes and structures. Investment casting process involves 
many steps but ultimately a molten liquid metal is poured onto the template, which 
leads to a duplicate of the initial template. Similarly, a metal powder or ceramic 
slurry can also be cast across a template to form a defined structure, which will retain 
its shape after sintering of the particle. However, investment casting process is 
limited by the resolution of the template. Investment casting is therefore well suited 
for the fabrication of high surface filters and with controlled large pore size for 
applications such as particles removal [354]. 
Foaming of molten liquid metal is a method leading to a porous sponge or foam 
structure. Foaming can be achieved by direct gas injection into a molten liquid metal 
or by addition of foaming agent into a metal before heating above the decomposition 
temperature of the foaming agent [355, 356]. In a similar way, ceramic foam can be 
produce by sintering of ceramic slurry containing surfactants as foam stabilizer [357, 
358]. 
Solid phase forming includes processing and sintering of ceramic, metal powder 
and fibres without entering the liquid phase of the materials. Sintering of powders is 
a thermally activated process which can be achieved thermo-mechanically by heating 
the materials with or without pressure by direct conduction, laser irradiation or 
micro-waves [359]. The final structure of the sintered materials is a direct 
consequence of the sintering parameters such as sintering temperature, sintering time 
and atmosphere as well as the particle size and chemistry [359]. The pore sizes of 
sintered materials can vary from hundred of nanometer to tens of micrometer and are 
strongly dependent on the particle sizes [360]. Sintering mechanisms rely on the 
formation of necks areas at the contact points between the particles follow by 
densification of the structure by necks grow and ultimately diffusion between grain 
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boundaries. In order to form porous structures, the sintering process must be 
interrupted before the full densification of the material occurs [354]. 
Extrusion, spinning and casting processes are also been used for the fabrication 
of inorganic macroporous structures. These fabrication processes involve the 
preparation of a mixture comprised of a polymer binder and inorganic particles, 
which are mixed together. The mixture is then extruded through a spinneret or cast 
on a glass plate to form porous tube or flat-sheet like materials [354]. The formed 
materials are then annealed to remove the polymer binder and the inorganic particles 
are sintered together. Porous carbon supports for separation applications are almost 
exclusively prepared using similar methods. The fabrication of porous carbon 
supports are based on the carbonization of a polymer precursor previously shaped by 
extrusion, spinning or casting [347]. 
 
2.8.3 Electrically conductive porous supports 
2.8.3.1 Carbon materials 
Electrically conductive carbon based materials include graphite, carbon black, 
carbon aerogel and highly ordered structures such as carbon nanotubes and graphene 
exhibiting metal like electrical conductivity [361]. Carbon materials exhibit a wide 
range of electrical resistivity due to the variety of polymorphic solid, the electrical 
resistivity of carbon black materials range between 5.00 to 8.00x10-4 Ω.m, graphite 
in the range of 2.50 to 5.00x10-5 Ω.m and graphene has a metal like electrical 
resistivity of 1.00x10-8 Ω.m [362]. Application of electrically conductive carbon 
material includes electrodes, current collectors and electrical contactors [363]. 
Carbon materials are insoluble solid, chemically resistant to organic media, acid and 
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base solutions. In addition they possess high thermal resistance of 500°C in air to 
3500°C in an inert atmosphere [364]. Conductive carbon materials are widely used 
as working electrodes in electrochemistry, electroanalytical chemistry and 
metallurgy [365]. Carbon paste electrodes for electrochemistry applications are made 
of a mixture of carbon black and graphite powder with a thermoplastic polymeric 
binder such as poly(tetrafluoroethylene) to ensure mechanical stability of the 
electrode [366]. Surface wettability is again an important factor when working in 
liquid media. The affinity of modified carbon electrode toward an electrolyte 
solution of H2SO4 (aqueous, 1 M) was investigated and showed to be increased up to 
three times due to functionalised carbon nanotubes (multi-walled) with carboxyl 
groups at the surface of the electrode [367]. Similarly, the surface functionalised with 
long alkyl groups became hydrophobic blocking the proton to access the surface of 
the electrode [367]. 
Black carbon [368] and carbon aerogels [119] are used for electrodes fabrication 
in CDI and MCDI process due to their high specific surface area, carbon aerogel can 
exhibit porosity up to 98 vol% [369]. Carbon aerogels have been synthetised in the 
form of powders, beads, monoliths and thin film composite (carbon paper 
impregnated with carbon aerogel, thickness of about 250 µm [370]). However, they 
possess a low mechanical stability due to their very low bulk density (0.05 g.cm-3) 
[371]. Carbon papers are porous materials design to be used in polymer electrolyte 
fuel cells such as hydrogen and direct methanol fuel cell and act as the gas diffusion 
layer [372]. The functions of the gas diffusion layer are to provide an electronic 
connection, support the passage of the reactant and ensure the mechanical support of 
the membrane electrode assembly [373]. Two types of carbon papers are 
commercially available including non-woven and woven fabric. Non-woven and 
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woven fabric carbon paper require a polymer binder such as PTFE rending the 
material hydrophobic and thus facilitating water removal without decreasing gas 
transport [374]. Non-woven carbon paper are brittle macro-porous, 200 µm thick 
material, while woven carbon cloth are more flexible with a thickness around 400 
µm [375, 376]. Carbon clothes are generally more porous, less tortuous but their 
surfaces are rougher thus exhibiting lower water coverage [372, 377, 378]. 
Carbon membranes major applications are in gas separation processes, in 
particular for the separation of nitrogen from air by carbon molecular sieves 
membranes [379]. Applications in wastewater treatment have also being 
investigated. The advantages of carbon membranes in such applications are the 
possibility to treat the wastewater by both size-rejection and adsorption. However, 
limitations are the low mechanical strength of the carbon membrane and the 
regeneration of the carbon materials [380]. In this case, tubular carbon membranes 
were fabricated by dip-coating of an alumina tubular reinforcement in a solution of 
poly(vinylidene) and poly(vinylalcohol) polymer precursors before pyrolysis. The 
composite ceramic-carbon membranes were found to have a repartition of micro and 
meso-pores and able to withstand working pressure of 50 KPa [380]. Carbon 
membranes are also used in membrane reactors for methanol steam reconversion to 
hydrogen at temperature between 200 and 250°C [381]. 
In conclusion, porous carbon materials are a key component in proton-
exchange and direct methanol fuel cells. They are stable in organic and aqueous 
media, at high temperature and under strong oxidizing condition [382]. Carbon paper 
and carbon clothes are promising candidates for the development of composite IEMs 
and are widely commercially available [375]. Their large thickness could be a 
limitation for ions transportation in ED process. However, carbon nano-tubes [383] 
  
 
105 
and graphene [336] can be deposed on a substrate by methods such as chemical 
vapour deposition to increase the electrical conductivity or tune the surface energy of 
the substrate. 
 
2.8.3.2 Ceramic materials 
Ceramic are an extremely vast class of non-metallic, multi-component 
inorganic solid, which are formed from elements such as metallic (Al, Ti, W, Na), 
semi-metallic (Si, B) and non-metallic (0, N, C). Atoms are chemically bonded 
together by ionic, covalent or ionic-covalent mixed bonding [384]. Ceramic materials 
have low electrical and thermal conductivity due to the mixed bonding structure of 
ceramic, which does not form free electron. Porous beta-alumina ceramic membranes 
exhibit ion-conductivity due to the polycrystalline structure of the ceramic in which 
there is a mobile ion such as sodium, potassium, silver and many more [384]. 
However, their electrical resistivity is high. In sodium form and at room temperature 
the electrical resistivity of beta-alumina ceramic membranes is 6.0 Ω.m in 
comparison to copper, which is 1.68x10-8 Ω.m. However, the electrical resistivity 
was showed to decrease with an increase of temperature and can reach 0.020 Ω.m at 
600°C which correspond of the electrical resistivity of sea water (at 20°C for a 
salinity of 35 g.kg-1 and at atmospheric pressure [385]). Ceramics such as beta-
alumina are dielectric materials meaning that their electrical conductivity varies with 
the frequency of the electrical field and with the temperature. The ceramic material 
becomes electronic conductive when a threshold of temperature is reached, which 
correspond to an activation energy calculated through the Arrhenius relation [386]. 
The properties of ceramic to be ionic and electronic conductive at high temperature 
enable the development of solid oxide fuel cells. However, in order to achieve 
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sufficient ionic and electronic conduction, they must operate at temperature ranging 
from 500 to 1000°C. Advanced oxide ceramic such as yttria-stabilised zirconia [214, 
387] are used in commercial fuel cell module, which requires up to 25 hours to warm 
up to the operating temperature [388]. 
Thin ceramic films are also used and manufactured for electronic and micro-
electronic purposes such as capacitors, solar cell and liquid crystal displays [389]. In 
the category of electronically conductive ceramic are compounds such as indium tin 
oxide, lanthanum-doped strontium titanate, yttrium-doped strontium titanate. Indium 
tin oxides are the most widely used electronically conductive ceramic because of its 
transparency to visible light. It can operate up to 1400°C, is non-affected by moisture 
and its resistivity is in the order of 1 to 16x10-4 Ω.m [390]. Thin films of indium tin 
oxide are commonly deposited on flat or structured surface by physical vapour 
deposition [391]. However, its high cost and scarcity of supply lead to seeking 
alternatives such as carbon nanotube and graphene. 
Ceramic porous materials come in a variety of shapes such as single and multi-
channel tubular geometries (called a monolith) and flat sheet forms. To date, macro, 
meso and micro-porous ceramic membranes are been developed for micro-filtration 
(MF), ultra-filtration (UF) and nano-filtration (NF) primarily used in aqueous 
systems [312]. Due to their excellent chemical resistance solvents filtration become a 
major industrial application for ceramic membranes. However, ceramic membranes 
are hydrophilic due to the hydroxyl groups from the metal oxide. In order to improve 
the flux of solvent through the ceramic membrane, different approaches have been 
investigated to change its surface energy such as surface modification with 
organosilanes, phosphides and others as well as pre-conditioning procedures in 
solvent of decreasing polarity [13, 392].  
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 Ceramic membranes for liquid filtration are multi-layer asymmetric composites 
composed of two or more layers of different porosity [328]. Typically, the 
preparation of the porous support is done by extruding a ceramic paste in a spinneret 
for tubular and monolith geometries, the formation of the multi-layer structure can 
then be performed by sol-gel coating processes [393]. A multi-layers ceramic 
membrane for UF process prepared by dip-coating method can comprise up to four 
layers [394]. The mechanical resistance of the ceramic membrane is ensured by a 
macro-porous structure of alumina Al203. A mesoporous layer of zirconia/titanium is 
then applied to reduce the surface roughness down to 40 nm and the active skin layer 
(100 nm) is made of a thin layer of TiO2 or ZrO2 with final pore-size ranging from 6 
to 0.5 nm [395]. Dense ceramic membranes have been fabricated by many processes 
such as pore filling with a metal alloy, a nanoporous layer of yttria-stabilized 
zirconium by vapour deposition or electroless process [396]. 
In summary, porous ceramic materials possess high chemical and thermal 
resistance but remain brittle. The fabrication process of multi-layer ceramic 
membrane is mature and thin layer of electronically conductive oxides can be 
deposed by techniques such as physical and chemical vapour deposition to overcome 
the electrical resistance of the ceramic material at low temperature. The hydroxyl 
surface content of the ceramic material should facilitate the coating or pore-filling 
with an IEX, however IEMs must exhibit flexibility and resistance to the stress and 
strain of ED process. The thin film of conductive thin film ceramic oxide deposed on 
a flexible polymeric fabric is probably an interesting option regarding this class of 
material. 
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2.8.3.3 Metal materials 
Metals are solids that have metallic bonding between atoms and share free 
electrons among the metallic lattice [397]. Metals have a high surface energy and are 
usually covered with a natural and electrically insulator oxide layer that is referred as 
passivation layer and represents the real surface of the metal. The formation of a 
passivation layer usually increased the electrical resistance of the metal, however 
some metal oxides such as chromium oxide (Cr2O3) and copper oxides (CuO and 
Cu2O) are electrically conductive [398]. 
Stainless steel is a steel alloy containing a minimum of 10.5 wt% of chromium 
[397]. Stainless steel, 316L and 316 are covered with a stable chromium oxide 
passive film, which prevent the bulk material from further corrosion but also increase 
its electrical resistivity [399]. Due to its low cost, high strength and corrosion 
resistance properties, stainless steel are studied as material for bipolar plate for fuel 
cell applications [400]. In proton-exchange fuel cell, stainless steel plates 
(millimetres thick sheets) are good replacement candidates to mechanically weak 
carbon materials currently used as bipolar plates to distribute combustibles and 
products, separate cell and collect the current from each cell [401]. However, proton-
exchange fuel cell operates within a pH range of 2 to 4 at temperature of 80°C and 
non-protected stainless steel plates were found to lack of corrosion resistance [401]. 
The metal degradation leads to metallic ions leaching and poisoning of the IEMs 
functional groups [401]. Many ways to improve corrosion resistance and electrical 
conductivity of 316L stainless steel have been investigated such as physical vapour 
deposition of titanium nitride [402] and amorphous carbon film [399] at the surface 
of the stainless steel, ions implantation such as nickel and chromium [403]. As an 
example, the corrosion resistance of the titanium nitride treated 316L stainless steel 
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plates were showed to drastically increase without any sign of pitting while 
improving the electrical conductivity [402]. However, the coating was found to be 
unstable after 10 days of immersion into an anodic environment (aqueous solution of 
0.01 M HCl, 0.01 M Na2SO4 bubbled with pure hydrogen gas at 80°C) due to defect 
in the coating procedure by physical vapour deposition [402]. Defects can be due to 
the preparation of the metal substrates, the presence of contaminants, the condition of 
the deposition and the history of the stainless steel plates [404]. 
Porous metal materials are also being investigated due to their excellent 
mechanical properties as substitutes for carbon paper and cloth in proton-exchange 
membrane fuel cells [405]. In this case, the porous metal sheet has to be thin in order 
to minimise the transfer of reactant gas and liquids. Carbon coated porous metal 
made of sintered 316L stainless fibres [405], stainless steel mesh [406], platinum and 
carbon coated sintered titanium fibres [407], porous sintered copper fibres [408, 409] 
and micro-machined macro-porous titanium thin films [410] were investigated as 
replacement materials in proton-exchange membrane fuel cells. Bare sintered 
stainless steel 316L filters were also used in direct methanol fuel cell and reportedly 
presented a better power density as compared to carbon paper [411]. Metal foams 
such as aluminium, and nickel metal foam were also investigated for the same 
application in direct methanol and proton-exchange fuel cell as a replacement to 
carbon papers and cloths [406]. The viability of porous metal as a substitute for 
carbon papers and cloths have been demonstrated with an increased power density of 
the fuel cells due to the high electric conductivity of the metal have been observed. 
However corrosion and water flooding of the channel remain the main issue to 
overcome. 
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Stainless steel membranes have also been used as separation membranes for 
liquid treatments [412]. The most used architecture for metal membranes are tubular 
and flat sheet [413]. Recently, stainless steel [343], nickel [414] and titania/ 
aluminium oxide composite [415] hollow-fibres (outer diameter between 250 to 700 
µm) have been prepared by dry-wet spinning process, process consisting in extruding 
a solution containing a polymer binder and inorganic particles before thermal 
treatment and sintering of the particles [416]. Even more recently, pattern of stainless 
steel hollow-fibre have been deposed by robocasting allowing the creation of 
predefined geometries to be used as is or welded into other metallic component 
[417]. Hollow-fibre configuration allows high packing density and a large surface 
area thus a high productivity in filtration processes [418]. 
Porous metal sheets can be fabricated by a number of methods including de-
alloying process, metal deposition, foaming and sintering processes [354]. Porous 
metal sheets are usually process by sintering of metal fibres or metal powders [419]. 
For example, silver metal membrane prepared with this method have a maximum 
operational temperature of 400°C and are particularly adapted for filtration in acidic 
and basic environment [420]. 
Stainless steel porous metal flat-sheets are less adapted to oxidative environment 
than carbon materials. However with the right surface treatment it was shown to 
increase the performance to the proton and methanol fuel cell and could compete 
with carbon materials. 
 
2.8.4 Porous inorganic hollow-fibre 
Porous membrane materials are designed into a variety of shapes and geometries 
including flat sheet, tubular, monolith and more, as previously discussed [143]. 
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Among them, hollow-fibre (HF) membranes offer unique advantages. HF 
membranes are self-supported, they offer superior uniform fluid flow dynamic and 
their higher surface to volume ratio leads to a higher packing density per module 
[348, 418, 421]. The first porous HFs were made of polymer materials and were 
developed almost 60 years ago [422]. Since then and with the use of novel polymeric 
materials, polymeric HF membranes are used in a variety of processes and 
applications. Polymeric HF membranes have found extensive use in industrial gas 
separation and pervaporation processes, for water treatment, in the biotechnology 
field as well as in the medical sector for blood filtration and treatment [143, 423-
426]. HF membranes are produced in large quantities via dry-wet spinning process as 
one module can be composed of thousands of polymeric HFs [426]. To date, almost 
exclusively all the HF membranes used are made of polymeric materials, however 
they can also be formed with inorganic materials. The structure of the inorganic HFs 
can be composed of three types of materials including carbon, ceramic and metal. 
Porous inorganic HFs (outer diameter ≤ 3 mm) are typically fabricated in two or 
more steps. The first step is very similar to the fabrication process of polymeric HFs 
and will be presented in the next section. 
 
2.8.4.1 Fabrication methods 
Inorganic HF membranes have previously been successfully prepared using 
different fabrication processes among which dry-wet spinning process is commonly 
preferred [348, 416, 427]. Figure 2.14 shows the schematic representation of the dry-
wet spinning process set-up. The coaxial spinneret is usually fixed but recent studies 
showed that dry-wet spinning process can also be coupled with robocasting 
techniques allowing the fabrication of predefined geometries to be used as is or 
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welded directly into metallic components [417]. The preparation of inorganic HF 
membranes is a multiple steps process whereby a high viscosity dope is extruded 
through the annular opening of a spinneret [348, 427, 428]. The inert shell of the 
green HFs is formed by phase inversion with an internal coagulant referred to as the 
bore liquid and circulated inside the annular opening of the spinneret. The fabrication 
of ceramic and metal HFs is achieved with the addition of up to 80 wt% of 
suspended inorganic particles as opposed to the fabrication of carbon HFs whereas 
the dope is primary constituted of a polymer precursor [429]. Then, the extruded 
HFs, or called green HFs, undergo a series of thermal treatments in order to 
carbonize the polymer or sinter the inorganic particles together. Carbon HFs are 
formed by the carbonization of the polymer precursor as opposed to the ceramic and 
metal HFs which are formed the sintering of the ceramic or metal particles [430]. 
 
 
Figure 2.14. Schematic representation of the dry-wet spinning set-up. 
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2.8.4.2 Thermal treatments and sintering process 
Sintering is a thermal process, which allows the production of solid materials 
with controlled density from contacting particles at temperature lower than their 
melting point [359]. The driving force of the sintering process is the decreasing 
surface energy at the interface between the particles, which is related to the particle 
size, and their specific surface energy [359]. Porous materials are typically fabricated 
from a green compact of ceramic or metal powder. In the case of HFs formation, the 
polymer binder, which maintain the shape of the green HFs must first be remove in 
order to allow particle-to-particle contact. 
The formation of the sintered HFs is therefore a multistep process with the first 
step being the removal of the polymer binder above its thermal degradation 
temperature. The de-binding of the polymer is particularly affected by the sintering 
atmosphere. In inert or reducing atmosphere, the thermal degradation of the polymer 
is often incomplete and lead to significant carbon deposition and contamination due 
to the polymer decomposition products [431]. For this reason, the polymer de-
binding step is usually performed in oxidative atmosphere in order to achieve a full 
degradation [427]. 
The second step is the sintering process, which include multiple stages such as 
particle-to-particle contact, neck formation and growth followed by the densification 
of the structure as illustrated in Figure 2.15a [432]. The densification process occurs 
during the final sintering stage and controls the porosity and final pore sizes of the 
sintered materials. The densification rate is controlled by the size of the particles, the 
sintering temperature and the sintering time [433]. The densification rate increases 
with small particle size and with an increase in temperature and time [433]. An inert 
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or reducing atmosphere is preferred during the sintering step due to the oxidation of 
the metal particles, which can occur in an oxidative sintering atmosphere. 
The densification rate can also be altered and even controlled to form hierarchical 
porous structures [434]. Hierarchical porous structures are particularly desirable to 
form porous support materials for catalytic, adsorption, separation and diffusion 
applications due to the increased mass diffusion and specific surface areas from the 
macro and smaller pores respectively [432]. One way to form hierarchical porous 
structures during sintering process is to use a bimodal distribution of starting 
particles. In the ideal case of spherical particles, the mixture of particles of different 
sizes and same chemical composition result in an increased green packing density. 
The densification of the large particles is restrain by the small particles resulting in 
an ordered sintered structure as seen in Figure 2.15b [432]. The mixing of particles 
of different size result in materials with new and beneficial properties, which have 
not yet been investigated for the formation of porous HF supports. 
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Figure 2.15. Schematic of the structural changes during sintering process of (a): an 
uniform metal powder and (b) a bimodal mixture of powders. 
 
2.8.4.3 Carbon, ceramic and metal hollow-fibre supports 
Inorganic porous materials offer unique advantages over polymeric materials 
such as high mechanical and thermal resistance as well as increased stability in harsh 
chemical and abrasive environments [354]. Recent developments in the preparation 
of inorganic HFs include the fabrication of porous HFs made of ceramic, metal and 
carbon materials for solid oxide fuel cell fabrication [435, 436], electro-catalysis 
[437], and electro-assisted [429] separation processes, respectively. 
As opposed to ceramic and carbon porous materials, metal based porous 
materials usually exhibit higher mechanical strength and ductility with electro-
catalytic properties but show less defined pore sizes [438]. A number of metal and 
alloy based materials are also particularly resistant to oxidative chemical and thermal 
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cleaning procedures providing outstanding reusability characteristics [439]. 
Recently, stainless steel [343], titanium [431], nickel [414] and copper [437] HFs 
(outer diameter between 250 to 700 µm) have been prepared using dry-wet spinning 
method. To date, most of metal HFs have been developed for separation applications 
and are made of corrosion resistant metals such as stainless steel or titanium alloys 
[348, 431]. Other developments in the preparation of metal HFs include the 
fabrication of porous HF electrodes made of electro-catalytic materials intended to 
be used in membrane reactors such as for the electrochemical reduction of carbon 
dioxide on porous copper HF electrode or for methane reforming process on a nickel 
HF electrode [428, 437]. 
 
2.8.4.4 Summary and outlook 
Inorganic porous materials for separation applications are considered to 
withstand harsher conditions as compared to polymeric membranes [330, 440, 441]. 
Inorganic porous structures come in many shapes and sizes and are formed by a 
variety of processes. Some fabrication processes are more suited to produce finer and 
controlled structures such as active and selective layers while other coarser processes 
are used to form support materials. HFs geometry offer unique advantages and many 
attempts have been made to form HF structures made of the three classes of 
inorganic materials. While ceramic materials are the most represented materials in 
the fabrication of separation materials, their brittleness still limits the development of 
HFs. Metal materials are therefore the most promising materials for the formation of 
porous HF supports due to their mechanical properties and resistance to harsh 
environments. The properties of the materials used for the formation of inorganic 
supports are presented Table 2.9. 
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Table 2.9. Summary and comparison of the material properties used for the 
fabrication of HF porous structures. 
Material Polymer Carbon Ceramic Metal 
Industrial 
application 
Yes, 
domination 
No, lab scale 
Yes, second 
most common 
Yes, third most 
common 
Resistant to 
chemical 
cleaning 
Bad to average n/a Very good Very good 
Organic 
solvent 
resistance 
Bad to average n/a Very good Very good 
Steam 
sterilization 
procedure 
Limited to heat 
resistant 
polymers 
n/a Yes Yes 
Mechanical 
properties 
Poor 
Flexible 
Very poor 
Brittle 
Good 
Brittle 
Very good 
Ductile 
Thermal 
resistance 
Low < 120°C High > 200°C High > 200°C High > 200°C 
Electrical 
conductivity 
No Yes 
Not at room 
temperature 
Yes 
Electro-
catalytic 
activity 
No No No 
Some metals and 
alloys 
Form factor 
Hollow-fibre 
Flat-sheet 
Tubular 
Multichannel 
Hollow-fibre 
Flat-sheet 
Hollow-fibre 
Flat-sheet 
Tubular 
Multichannel 
Monolith 
Hollow-fibre 
Flat-sheet 
Tubular 
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2.9 Summary, Scope and Research Contributions 
The initial applications of ED process were focused on the desalinisation of 
brackish water to produce potable water. ED is now increasingly used in a number of 
industrial applications for the treatment of complex mixed solvents effluents due to 
the stability of highly cross-linked ion-exchange materials. However, in order to 
sustain stresses and strains associated with ED process, IEMs are mechanically 
reinforced with an inert polymeric mesh. 
The non-conductive reinforcing polymeric material undergoes degradation 
during the ion-exchange process in organic and mixed solvents thus affecting the 
permselectivity and transport mechanisms through the IEM. In addition, a screening 
effect of the ion-exchange groups is observed due to preferential swelling of the 
hydrophobic polymer reinforcement. The swelling of the reinforcement ultimately 
causes a breakdown in the percolation pathways across the membrane due to the 
formation of independent clusters containing the ion-exchange groups. The loss of 
ionic conductivity across the IEMs due to the excessive swelling of the non-
conductive domains also increase the electrical resistivity of the material and thus the 
overall electrical consumption of the process. 
In mixed solvents, ED process parameters are experimentally determined due to 
phenomena that are not fully understood yet such as the solubility behaviour of 
ionisable species and transport mechanisms across IEMs. New pertinent models, 
which are taking into account non-ideal behaviours, are therefore required to develop 
a clear picture of ED process potential improvements and intrinsic limitations in 
mixed solvents. 
The design of novel IEMs is therefore required to meet the advanced 
requirements of ED processes in non-aqueous environment. IEMs prepared with a 
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mechanically strong, chemically stable and electrically conductive inorganic 
reinforcement may overcome the limitation of ED in non-aqueous and mixed 
solvents. Enhanced transport mechanisms at the interface between the inorganic 
reinforcement and the IEX may arise contributing to the overall charges and ionic 
species migration. However, the quality of the interface is decisive for the stability of 
the hybrid system and need to be carefully controlled though innovative and specific 
surface treatments. 
In order to develop hybrid IEMs with high electrical conductivity and stable in 
mixed solvents environments, a systematic investigation of the following research 
questions appears essential: 
 
1. How to control the interface between the porous inorganic reinforcement 
and the reactive ion-exchange resin to form a stable and functional ion-
selective hybrid separation material? 
The main research objective of this Thesis is to develop hybrid IEMs comprised 
of ion-exchange materials supported by mechanically strong and electrically 
conductive inorganic reinforcements in place of conventional inert polymeric 
reinforcements. The compatibility of the inorganic and organic phases will be 
promoted by the design of a stable and tailored interface using bridging precursors. 
The solvent barrier properties of the interface and corrosion resistance of the 
functionalised inorganic reinforcements in aqueous and mixed solvents electrolytic 
environments will be assessed. 
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2. How do ion-exchange materials behave in mixed solvents and how are 
ionic species transported across ion-exchange materials under the 
influence of an electrical field? 
The nature of the solvent affects the solubility of the charged species as well as 
the solvation of both the functional and structural phases of the ion-exchange 
materials. Preferential solvent uptake in the elastic matrix of the ion-exchange 
materials determines the ion-exchange capacity and ionic conductivity of the IEMs. 
The physicochemical and microstructure changes of the ion-exchange materials in 
mixed solvents will be related to the IEMs performance. 
 
3. How does an electrically conductive reinforcing fabric embedded into an 
ion-exchange polymeric phase contribute to the transport of ionic species 
and how could electro-membrane processes benefit from the direct 
polarisation of the hybrid IEMs? 
Hybrid electrically conductive materials able to act as electrode and separation 
materials could provide the necessary driving force for both the transport of ionic 
species and charge migration, eliminating the need for electrode streams and 
enabling new compact designs based on hollow-fibre geometries. In addition, the 
reactivity offered by the hybrid materials could find novel applications for electro-
catalytic and electro-conversion processes. 
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Chapter 3. Materials and Methodology 
3.1 Introduction 
In order to develop hybrid materials, each constitutive element must be selected 
with great care to achieve, in a realistic manner, the desirable properties. In this 
Chapter, the starting materials including the support, the coordination agent and the 
active layer of the hybrid IEMs (hIEMs) are described and the justification of their 
use presented. 
The support materials employed for the development of flat-sheet and tubular 
hIEMs were commercially obtained, while the hollow-fibre (HF) type supports were 
specially fabricated by sintering of stainless steel (SS) powders. The fabrication 
process of the SS HFs is presented later in the Chapter. Then, the complete 
fabrication routes of the hIEMs are detailed. Finally, the experimental methods 
employed for the physicochemical characterisation of the hybrid materials as well as 
the electro-separation and catalytic test procedures and modules are also introduced. 
 
3.2 Materials 
3.2.1 Hybrid IEMs fabrication materials 
3.2.1.1 Flat-sheet and tubular supports 
The flat-sheet porous metal substrates composed of non-woven or woven SS 
(316L grade) fibres were obtained from BOSFA Pty Ltd., WA, Australia (Bekipor® 
Mo 10312) and FuelCellStore, TX, USA, respectively. 
The porous tubular supports made of sintered 316L SS particles were provided 
by Advanced Materials Solutions (AMS, SA, Australia). AMS are able to 
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manufacture metal tubular membranes made of SS sintered powders by dry-wet 
spinning process ranging from 3 to 30 mm in diameter and 1600 mm in maximum 
length [341]. 
 
3.2.1.2 Preparation of the polymeric IEX paste 
Cation-exchange resin beads, Amberlyst® 15 (strong cation-exchange resin, 
strongly acidic, H+ form, dry particle size < 300 µm) were supplied by Sigma-
Aldrich, Castle Hill, NSW. Amberlyst® 15 is a nanoporous styrene-divinylbenzene 
matrix with sulfonic acid (-SO3-) as fixed functional groups (Figure 2.13a) [442]. 
Amberjet® 4200 chloride form, anion-exchange beads (Cl- form, dry particle size 
< 800 µm) was also purchased from Sigma-Aldrich. Amberjet® is a strong base 
anion-exchange resin with trimethyl ammonium groups (-N+(CH3)3) as fixed 
functional groups within a styrene-divinylbenzene copolymer matrix (Figure 2.13b) 
[442]. 
Amberlyst® 15 and Amberjet® 4200 beads were chosen as polymeric IEX due to 
their high thermal and chemical stability. Both beads are stable over a wide range of 
pH from 0 to 14 and have a maximum operating temperature of 120°C [443]. In 
water, Amberlyst® 15 and Amberjet® 4200 beads swell up to 70 and 55 wt%, 
respectively, with respective IECs of 1.3 and 1.7 meq.mL-1 [443]. 
Poly(vinylchloride) (PVC, Mw = 62,000 Da, Sigma-Aldrich) was used as 
polymer binder for the IEX. PVC is a flexible polymer with suitable biological and 
chemical resistance, which has previously been investigated for IEMs fabrication 
[444-446]. 
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Tetrahydrofuran (THF, solvent, anhydrous ≥ 99.9% ,inhibitor-free grade, Sigma-
Aldrich) was used as a solvent to dissolve the PVC polymer binder. PVC and THF 
were used as received without further purification. 
 
3.2.1.3 Silane coupling agent 
The SS substrates were functionalised through a sol–gel reaction with an 
aminosilane coupling agent (APTES, 3-aminopropyltriethoxysilane, 99%, 
C9H23NO3Si, Mw = 221.27 g.mol−1, Sigma-Aldrich) in order to promote the adhesion 
with the inorganic substrates and the PVC phase [447]. The chemical structure of the 
APTES organosilane coupling agent is shown in Table 3.1. 
 
Table 3.1. Chemical structure of the aminosilane coupling agent. 
Organosilane coupling agent Chemical structure 
Aminosilane, APTES 
3-Aminopropyltriethoxysilane 
 
 
 
3.2.1.4 Polymerisation routes 
A monomers solution containing 95 wt% of 4-vinylbenzyl chloride monomer 
(VBC, 90%, 500 ppm of tert-butylcatechol as inhibitor), 3 wt% divinylbenzene 
(DVB, technical grade 80%, 1000 ppm of tert-butylcatechol inhibitor), and 2 wt% 
benzyl peroxide (BPO, Luperox® A75) was prepared for the in-situ polymerisation 
across the SS substrates following a method adapted from [182, 448]. VBC and DVB 
monomers were first purified using an aqueous NaOH solution (5 wt%) in order to 
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neutralise the tert-butylcatechol inhibitor. VBC, DVB monomers and the BPO 
thermal initiator were purchased from Sigma-Aldrich. 
 
3.2.2 Porous metal HF materials 
3.2.2.1 SS metal powders 
The 10 µm 316L SS (SS10) were purchased from Sandvik Osprey Ltd., UK while 
the 20 µm (SS20) and 325 mesh size (SS44, 44 µm) 316L SS powders were sourced 
from Huarui Group Ltd., China. 
 
3.2.2.2 Polymer binder and solvent 
Poly(ethersulfone) (PESU, Ultrason®, BASF, Spain) was dried in a vacuum oven 
at 120°C for 6 h before being used as polymer binder for the SS particles. N-methyl-
2-pyrrolidone (NMP, ACS reagent ≥ 99.0%, Sigma-Aldrich, Spain) was chosen as 
solvent for PESU and used as received. 
 
3.3 Porous HF supports fabrication 
Porous metal HF substrates were fabricated on a dry-wet spinning line at 
TECNALIA Research Institute, San Sebastian-Donostia, Spain, within the Energy 
and Environment Division during my research collaborative visit, May to June 2015. 
 
3.3.1 Spinning dope preparation 
Spinning dopes were prepared by first dissolving the polymer binder into NMP 
for more than 24 h on a roller tube mixer. Subsequently the metal particles were 
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added in multiple steps and finally the mixture was stirred overnight. The spinning 
dope mixture was then loaded into the spinning pump and degassed by applying a 
vacuum 24 h before the date of the spinning experiment. The compositions of the 
spinning dopes were as follows: 70 wt% of metal SS particles, 7.5 wt% of PESU and 
22.5 wt% of NMP. In the spinning experiments, where a mixture of SS particles of 
different size distributions was used, the blend of SS particles comprised 60 wt% of 
SS10 powder and 40 wt% of either SS20 or SS44 powder. 
 
3.3.2 Dry-wet spinning process 
The spinning set-up allowed the spinning of green HFs of various geometries by 
controlling different process parameters such as air gap (cm), dope and bore flow 
rates (mL.h-1). The temperature was maintained at 25°C through heating bands wrap 
around the spinning line and spinneret assembly. The spinneret used had an inner and 
outer diameter of 0.7 and 1.3 mm, respectively. The temperature in the coagulation 
and rinsing baths was set at 20°C while deionized (DI) water was used as a non-
solvent. 
 
3.3.3 Drying and thermal treatments 
The green HFs were firstly kept in a DI water bath for 24 h followed by an 
isopropanol (IP) bath (ACS reagent ≥ 99.5%, Sigma-Aldrich, Spain) for another 24 h 
in order to exchange the NMP solvent. Finally, the green HFs were dried at room 
temperature for 24 h. Once dried, thermal treatments were performed in a tubular 
furnace (model GSL-1100 X, MTI Corporation, USA) in order to remove the PESU 
polymer binder and sinter the SS particles. 
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The polymer was removed at 600°C for 60 min followed by a sintering process 
with temperatures ranging from 650 to 1100°C for 60 or 90 min at a heating rate of 
5°C.min-1 under a reducing atmosphere nitrogen/hydrogen mixture (N2:H2, 85:15 
v/v%). The gas was first flown 30 min before the thermal treatment in order to purge 
the air from the furnace and was maintained at 1 dm3.min-1 during the thermal 
treatment. 
 
3.4 Hybrid IEMs fabrication 
The SS substrates were first thoroughly rinsed with acetone followed by ethanol 
and DI water in order to dissolve and clear residue before any further treatment. The 
SS substrates were then plasma treated prior to silane functionalisation. A thin and 
homogeneous film of aminosilane coupling agent was grafted on the surface of the 
SS substrates before applying the IEX paste coating [318]. Figure 3.1 illustrates the 
fabrication route of the hybrid materials. 
 
 
Figure 3.1. Illustration of the hybrid material fabrication route. 
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3.4.1 Controlled thin oxide layer formation 
The SS porous substrates were first plasma treated at the Commonwealth 
Scientific and Industrial Research Organization (CSIRO, Waurn Ponds, VIC, 
Australia), on a PICO G plasma rig (Electronic Diener GMBH, Germany) with water 
as an oxidative working gas, for 5 min at a discharge power of 80 W and a pressure 
of 0.2 mbar. The SS substrates were placed inside the plasma chamber and stacked 
10 mm high above the support electrode onto piled up inert silica glass slides. The 
dimensions of the SS substrates are listed Table 3.2. This configuration allowed for 
the simultaneous and homogeneous exposure of both sides of the substrates, which 
led to the formation of a homogeneous corona around the sample. Water plasma 
treatment was performed on the SS substrates in order to increase the content of 
metal hydroxide groups. Water plasma treatment was previously demonstrated to 
greatly alter the physical-chemistry of the metal surface by introducing a 
homogeneous oxide layer on the SS surface [318]. This layer altered the material 
surface energy and facilitated wetting by the aminosilane solution across the porous 
metal substrates thus increasing the output of the sol-gel aminosilane coating 
reaction.  
 
Table 3.2. Geometries and dimensions of the porous SS substrates used for the 
fabrication of hIEMs. 
Form factor Sample size 
Porous flat-sheet substrates 40 x 40 mm 
Porous tubular substrates L = 85 mm ; external diameter (dext) = 6 mm 
Porous HFs L = 40 mm ; dext = 0.3 to 1.9 mm 
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3.4.2 Organosilane coupling agents grafting procedure 
The metal substrates were functionalised with an aminosilane layer in order to 
both provide a stable protective coating prior to the casting of the IEX on the SS 
substrates and improve the adhesion between the IEX coating and the SS 
reinforcements [310]. The mechanism of aminosilane bonding to inorganic substrates 
is illustrated Figure 3.2 and may be rationalised as a multi-step process. First, the 
silane molecules were hydrolysed in aqueous solution to form reactive silanol 
groups. Silanol groups were then able to react with the metal surface oxide layer 
while the non-reacted silanol groups condense upon drying into a siloxane network 
forming a dense and continuous coating onto the metal surface [449, 450]. In this 
work, hydrolysis and grafting reaction durations were chosen according to protocols 
previously developed to simultaneously form a water tight interface and improve the 
adhesion of PVC polymer coatings onto SS materials [451-453]. 
The sol-gel reaction was performed as follows. An aqueous solution of 2% (v/v) 
aminosilane was prepared in DI water. The aminosilane was hydrolysed for 1 h by 
stirring at room temperature. Then, the SS substrates were soaked for 2 min in the 
aminosilane solution. After the removal of the SS substrates, excess solution was 
carefully blown off the surface with a stream of nitrogen gas. 
 
 
Figure 3.2. Bonding mechanism of silane coupling agents on inorganic metal 
substrates. 
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3.4.3 Hybrid IEMs fabrication 
A pore filling method was used for the fabrication of the hIEMs. The IEX pastes 
were cast across the SS substrates following a general procedure previously applied 
to polymer reinforcements [264, 299]. 
 
3.4.3.1 Ion-exchange polymer paste preparation and casting 
The Amberlyst® and Amberjet® ion-exchange beads were manually ground in a 
mortar for 1 h in ethanol (ACS grade, > 95% purity, ChemSupply, SA, Australia) 
and then dried in an oven (Thermo Scientific model Heraeus) at 60°C for 48 h. The 
polymer binder solution was first formed by dissolving the PVC powder into THF 
solvent (THF:PVC, 10:1, v/w) in a Pyrex glass reactor under mechanical stirring for 
3 h. A fixed quantity of micron-sized ground ion-exchange beads was then added 
into the glass reactor and stirred for 3 h (PVC:beads, 1:0.6, w/w). In order to improve 
the dispersion of the grounded beads, break up all aggregates, and ensure 
homogeneity of the heterogeneous filling solutions, the filling solutions were 
sonicated for 30 min using an ultrasonic instrument (Sonic bath, Unisonics, 80 W) 
and stirred for 10 min before impregnation of the functionalised SS substrates. The 
functionalised SS substrates were then dipped in the filling solutions for 15 min at 
room temperature to ensure a perfect impregnation of the substrates and carefully 
pulled out at a constant speed. The as-cast hIEMs were air-dried at room temperature 
in a fume-hood for 24 h. Once dried, the hIEMs were placed in DI water for one day 
and stored in a 0.5 M sodium chloride (NaCl, AR grade, > 99.7% purity, 
ChemSupply) aqueous solution. 
In addition, AEX pastes were also prepared from a VBC monomer solution. VBC 
monomer molecules were plasma grafted onto PVC particles to form pVBC-PVC 
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powders following and adapting procedures previously described [445, 454]. The as-
formed solution of pVBC-PVC was stirred for 24 h at 60°C in a water bath (Jinnan 
model DF-1015). The pVBC-PVC powders were then washed 5 times with DI water 
to remove any unreacted VBC molecules. The PVC-g-pVBC powders were dried in 
an oven (Thermo Scientific model Heraeus) at 60°C for 48 h before dissolution in 
THF solvent to form a 10 wt% filling solution. 
 
3.4.3.2 In-situ polymerisation 
The in-situ bulk polymerisation reaction of monomers across the SS substrates 
was investigated using VBC and DVB monomers. VBC is a dual functional 
monomer consisting of styrene and benzyl chloride reactive groups (Figure 3.3a), 
which was previously shown to be an attractive monomer for the preparation of 
IEMs [448]. In addition, the selection of VBC monomers for the preparation of 
AEMs allowed the limited use of carcinogenic or potentially carcinogenic 
halogenated ethers and solvents used in the chloromethylation of polystyrenes [455]. 
VBC and poly-VBC can directly be reacted with a tertiary amine to introduce anion-
exchange functional groups such as quaternary ammonium (-CH2N+(CH3)3) (Figure 
3.3b). 
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Figure 3.3. (a): Synthesis steps of the anion-exchange polymer and (b): 
quaternisation reaction [182]. 
 
The polymerisation reaction was adapted from [182]. Specifically, a 
functionalised SS substrate was immersed in the monomers solution for 1 h at room 
temperature to allow the complete impregnation of the monomers across the porous 
structure. Bulk polymerisation (80°C, 8 h) was then performed in an enclosed non-
pressurised reactor on a heating-stirrer. The hybrid materials were quaternised using 
an aqueous trimethylamine solution (TMA, 25 wt% in water, Sigma-Aldrich) for 48 
h at room temperature. The hAEMs were washed 3 times with DI water to remove 
any excess of TMA solution adsorbed on the hybrid material surface. 
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3.5 Characterisation techniques 
3.5.1 Materials and hIEMs characterisation 
3.5.1.1 Ion-exchange beads and metal particles characterisation 
The particle size distribution of the ion-exchange beads and metal particles 
dispersed in DI water or IP were analysed by Dynamic Light Scattering (DLS) using 
a Mastersizer 2000 (Malvern Instrument, UK). The particles were dispersed in the 
solvent to form a 1 wt% solution. 
The specific surface area of the ion-exchange beads and metal particles was 
measured using the Brumauer-Emmett-Teller method (BET) on an Autosorb IQ 
instrument (Quantachrome, USA). In addition, the pore size distributions of the ion-
exchange beads were calculated using the density functional theory (DFT) method 
[456]. 
The average absolute and relative densities of the metal powders were 
determined with a 50 mL pycnometer bottle for standard ASTM D854 testing. The 
pycnometer bottle was equipped with a capillary glass stopper allowing high volume 
accuracy. Measurements (three in each series) were performed using DI water or 
ethanol as the wetting liquid. The temperature of the wetting fluid was measured in 
order to use the corresponding density for the calculations. 
 
3.5.1.2 Scanning electron microscopy (SEM) and elemental mapping analysis 
The morphology of the hIEMs, SS tubular and flat-sheet substrates was studied 
by SEM on a JEOL JSM 7800F model. The elemental distributions on the surface of 
the samples were evaluated by Electron Dispersive X Ray Spectroscopy (EDS) 
analysis with an Oxford detector on the JEOL JSM-7800F instrument. The 
  
 
133 
morphologies of SS metal particles, green, sintered and hybrid HFs morphologies 
were characterised with a Neoscope SEM (JEOL Neoscope, JCM-5000). 
JSM-7800F and Neoscope SEM imaging (surface and cross-section) were 
performed at 10 keV and 10 mm working distance while surface elemental mapping 
was performed at 20 keV and 10 mm working distance. The hybrid and non-
conductive samples were gold coated (model SCD 050 sputter coater, Bal-Tec) prior 
to imaging with a 5 nm thick layer of gold. 
The thicknesses of the substrates and hIEMs were measured using a digital 
micrometer (ProScitech model SUM2-025) and evaluated with the SEM cross-
section images. The aspect ratio of the metal particles was determined from the SEM 
images using ImageJ software (version 1.50i) [457]. 
 
3.5.1.3 Atomic Force Microscopy (AFM) imaging 
AFM imaging and surface roughness analysis were performed on a Cypher AFM 
using a Herzian TS-150 active vibration table and an ARC2 SPM controller. The 
samples were cut and mounted, using double sided tape, on magnetic supports. 
Cantilevers were Tap300-G, the resonance frequency and spring constant for the 
cantilever were determined using the thermal method on Igor Pro 6.35A [458]. A 
spring constant of 40.78 N.m-1 was measured. Data were collected using a scan speed 
of 0.4 Hz in direct contact mode. 
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3.5.1.4 Optical microscopy 
Large-scale optical images and videos were acquired on a digital microscope 
(DinolitePro, AM7115MZT model) at working distances varying from 60 to 10 mm. 
Images were recorded using DinoXcope software v1.18. 
 
3.5.1.5 FTIR surface functional groups characterisation and solvent amount 
determination 
The characterisation of the chemical functional groups present at the surface of 
the hybrid materials was performed using Attenuated Total Reflectance Fourier 
Transform Infrared (ATR-FTIR) techniques. Spectra were acquired on a Bruker 
Vetex-70 FTIR spectrometer and recorded in the range of 600 - 4000 cm−1 at a 
resolution of 4 cm−1. A total of 64 spectra were averaged for each measurement. 
The composition of the ED streams were also analysed by FTIR measurements. 
The FTIR spectra analysis allowed the determination of the volume percentage of 
alcohol in the solutions [31]. FTIR spectra of standard aqueous methanolic and 
ethanolic solutions are reported Figure 3.4a and c. Calibration curves were obtained 
by calculating the area ratio of the FTIR bands from 2990 to 3715 cm-1 (Figure 3.4b 
and d). 
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Figure 3.4. FTIR spectra and calibration curves of (a) and (b) aqueous methanolic 
and (c) and (d) ethanolic solutions, respectively. 
 
3.5.1.6 Interface characterisation by FTIR mapping 
The chemical bond distribution at the interface between the SS porous substrates 
and the aminosilane coating was investigated by high resolution FTIR mapping using 
ATR mode on the IR Spectroscopy beamline at the Australian Synchrotron (AS). 
High resolution FTIR was coupled with a Fourier Transform (FT) spectrometer 
(Bruker Vertex 80v, microscope model Hyperion 2000 equipped with a germanium 
crystal of refractive index of 4). OPUS software (version 7.2, 3D mode) was used to 
perform the spectra analysis and treatment. FTIR mapping of the samples was 
performed with an aperture of 20 by 20 µm corresponding to a 5 by 5 µm spot 
through the crystal across a maximum wavenumber range of 4000-850 cm-1. 64 
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spectra were averaged for each measurement point to ensure high signal to noise 
ratio. Background was acquired on calcium fluoride every 5 spectra and the spectral 
resolution was 4 cm-1. The bond distributions were analysed on polished cross 
section samples of functionalised porous SS substrates and hIEMs embedded into 
Polyfast resin (80°C, 2 min, 25 bar, using a Struers Citopress-20 machinery).  
 
3.5.1.7 X-ray reflectometry (XRR) measurements 
The thickness of the SS oxide layer and aminosilane coating was investigated 
using XRR techniques. XRR techniques are highly sensitive to the sample 
preparation and particularly to the substrate roughness, flatness and homogeneity. 
Rough and non-flat substrates give rise to diffuse scattering, which reduces or 
nullifies the specularly reflected beam. It is often recommended that the surface 
roughness should not be larger than 5 nm [459]. The samples were therefore 
prepared by spin-coating a silane solution deposited onto classic silicon (Si) wafers 
or on SS substrates. Two types of SS substrates were investigated including ultra 
polished plain SS wafers (≤ 5 Angstroms finish, Valley Design Corp, MA, US) and 
SS coated Si wafers. The SS thin films were deposited by physical vapour deposition 
(PVD) technique on Si wafers using commercial SS 316L grade target. The 
sputtering was performed on a PVD rig (Nanochrome I, USA) in direct current mode 
under an argon environment and a pressure of 2.10-3 Torr. The sputtering time was 
set at 15 min with a power of 150 W. 
Fresh aminosilane solutions were prepared to form 2, 5 or 10 wt% solutions in DI 
water. The 2, 5 or 10 wt% silane solution was pipetted onto cleaned wafers with a 
reaction time of 5, 15 and 30 min prior the spin coating process using a spin-coater 
machine (model WS-650, Laurell, US). The spin-coating process consisted of an 
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acceleration of the wafers to 1000 RPM and held for 30 s to spin off the excess 
solution and achieve a suitable thickness for XRR [324]. 
The samples were then analysed using a Panalytical X’Pert Pro reflectometer 
instrument equipped with a Cu Kα radiation (1.54 Å) at the Bragg Institute, 
Australian Nuclear Science and Technology Organisation (ANSTO, Lucas Heights, 
NSW, Australia) during the beamtime number ALNGRA10055. The specularly 
reflected beam was recorded over the range of 0.007-0.7 Å-1. The data were analysed 
using the MOTOFIT software package on Igor pro software [460]. XRR data were 
analysed in complex scattering length density (SLD) mode type using the most 
consistent model of distinct layers. The X-ray SLD of a material can be obtained 
through its density and atomic composition and expressed as [461]: 
!"# = %&& ' = %&& ()*+&&  Equation 3.36 
Where ' is the number density and %&&  is the sum of the scattering lengths of 
the atoms composing the molecular species. The number density was calculated from 
the mass density, (, Avogadro’s number, )*, and the sum of the atomic masses, +&. 
 
The data corresponding to the silane coated Si wafers were analysed using a 4 
layers model: layer 1 consists of the Si wafer (Si backing, X-ray SLD = 20.1x10-6 Å-2 
and iSLD = 0.47x10-6 Å-2, ρ = 2.33 g.cm-3), layer 2 consists of the native Si oxide 
layer (SiO2, X-ray SLD: 18.9x10-6 Å-2 and iSLD = 0.25x10-6 Å-2, ρ = 2.20 g.cm-3), 
layer 3 is of the aminosilane film itself and layer 4 corresponds to the fronting 
material (air, X-ray SLD and iSLD ≈ 0). Similarly, the data acquired on the SS 
wafers were analysed using the most consistent model of distinct layers. In this 
model, the backing layer consisted of 316L SS material and air was set as the 
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fronting layer. The SLD value of the backing layer was calculated using the atomic 
composition of the 316L type SS (X-ray SLD = 60.378x10-6 Å-2 and iSLD = 6.5x10-6 
Å-2 with ρ = 8 g.cm-3) [462]. The calculated SLD values of the aminosilane are given 
in Table 3.3. 
 
Table 3.3 Calculated X-ray SLD values of the aminosilane coupling agent  
Materials 
Density 
(g.cm-3) 
SLD X-ray real 
(x106 Å-2) 
SLD X-ray imaginary 
(x106 Å-2) 
Aminosilane  
(APTES, C9H23NO3Si) 
0.946 8.892 0.039 
 
3.5.1.8 X-ray diffraction (XRD) measurements 
The composition and crystalline structure of the metal materials and deposits 
were studied by XRD analysis. XRD patterns were acquired on an X’pert Pro 
(Panalytical, USA) X-ray diffractometer unit equipped with a copper X-ray tube 
using Cu Kα radiation with 2θ position of 12°. The tension and current were set to 40 
kV and 30 mA during the experiments. Low background noise holders were used 
during the measurements. 
 
3.5.1.9 Thermogravimetry analysis (TGA) 
TGA experiments were performed under air, N2 or N2:H2 mixture (95:5 v/v) 
using a Q50 TGA (TA instrument, USA). During the TGA experiments, the gas flow 
was maintained at 60 cm3.min-1 and the heating rate was fixed at 1, 5 or 10°C.min-1 
for a maximum temperature of 800 or 1000°C. 
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3.5.1.10 Contact angle measurements 
Contact angle measurements were performed with 4 µL liquid drops on the 
surface of materials with a goniometer (KSV instruments model CAM 101). The 
tests were performed at three random locations for each sample. The images were 
acquired 5 s after the water drop impacted the membrane surface after which the 
wettability of the materials was considered to have reached a steady state. The 
contact angles were calculated by fitting the image of the drops to the Young-
Laplace equations and averaging with the obtained values on both sides of the drop 
using the optical tensiometer software, OneAttension Theta Lite. 
 
3.5.2 Materials properties 
The physico-chemical properties of the hybrid materials were characterised using 
the following techniques and procedures. 
 
3.5.2.1 Mechanical properties of the SS substrates and hybrid materials 
The mechanical properties of the porous flat-sheet SS substrates and hIEMs 
including Young moduli, tensile and breaking strengths were determined on an 
Instron instrument (Instron model 5967 Corporation, USA) equipped with a 30 kN 
static load cell at pulling speed of 10 mm.min-1. The tensile strength tests were 
carried out three times using 1 x 4 cm2 rectangular samples in order to evaluate the 
repeatability of the experiments. 
Three-point bending tests were performed in order to characterise the mechanical 
resistance of the tubular and HF substrates. The tubular substrates were tested using 
an Instron model 5967. The tubular samples were placed on two cylindrical supports 
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(20 mm in diameter) and bended by a middle cylinder (20 mm in diameter) at a rate 
of 100 mm.min-1. The three-point bending tests of the HF substrates were performed 
on a DMA Q800 (TA instrument, USA). The stress rate was set at 0.5 N.min-1 and 
the temperature kept at 25°C. The bending stress or flexural stress of the tubular and 
HF substrates was calculated using the following equation: 
, = 8./#01(#03 − #53) Equation 3.37 
Where , is the bending stress (MPa), F is the measured maximal flexure load 
(N), K is the support span (mm), #0 and #5 are the outer and inner diameters of the 
tubular or HF substrates (mm), respectively. 
The stiffness of the IEX thin layers when dry or equilibrated in solutions were 
evaluated using AFM-based nanoindentation experiments performed on an Asylum 
MFP-3D. Indentation experiments were performed with a pyramidal probe with a 
half angle of ~25 degree. The indentation was performed over a deflection of at least 
200 nm at a speed of 2 µm.s-1. IEX stripes were clamped across a glass slide on a 
fluid cell and the system was closed using a gasket fixed on the holder of the 
cantilever. Data were analysed with the Hertz model approximating the tip as a cone 
of semi angle of 25 degree with Poisson ratios of 0.25 and 0.33 for the tip and the 
sample, respectively, and a tip modulus of 290 GPa. The data presented are the result 
of at least 4 indentations in 4 different areas of the materials analysed. 
 
3.5.2.2 Materials electrical resistance and IEMs conductivity measurements 
The electrical resistivity of the SS materials, green and sintered HFs was 
determined using an electrical resistivity cell with variable resistor. 
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The conductivity of the hybrid and commercial IEMs was measured using a 
specially designed conductivity cell. The conductivity cell consisted of two 40% 
platinum on Vulcan carbon cloth disk electrodes (12.5 mm in diameter) included in 
an ABS plastic case with a 1.1 cm distance between them (Figure 3.5). The 
conductivity cell did not include any metallic part in order to avoid any corrosion 
effects [463, 464]. The samples and the conductivity cell were immersed into the 
electrolyte solution and thermally equilibrated at 25°C using thermo-regulated bath 
in order to control the deviation of conductivity measurements due to temperature 
changes. Three measurements were recorded in NaCl solutions of the same ionic 
strength for each solvent composition (0.1 g.L-1 NaCl) except for pure ethanol 
solution, which was close to NaCl saturation (0.04 g.L-1 NaCl) [465, 466]. The 
solubility of NaCl in aqueous methanolic and ethanolic solutions is shown in Figure 
2.3 [465]. The membrane electrical conductivity, Km, was calculated using Equation 
3.3: 
/7 = 898:89 − 8: ∗ <7!=  Equation 3.38 
Where G1 and G2 represent the conductance measurements without and with the 
membrane, respectively, tm the thickness of the membrane, and Se the surface area of 
the electrode.  
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Figure 3.5. Experimental set-up for the membrane conductivity determination with a 
ratchet type conductivity cell. 
 
3.5.2.3 Membrane solvent content measurements 
Hybrid and commercial IEMs were first equilibrated in a vial containing the 
desired solvent or mixture of solvents for at least 24 h, after which the samples were 
patted dry, in a reproducible manner, using a filter paper and were weighed (Wwet). 
The samples were then dried at room temperature on a microbalance or in the TGA 
chamber (80°C maximum temperature, heating rate 10°C min-1) until stabilisation of 
their weight (Wdry). In order to minimise experimental errors, average value between 
three sets of experiments was recorded. 
The solvent content, W, was calculated using the following equation [145]: 
>	 @<% = >wet − >dry>dry ∗ 100 Equation 3.39 
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3.5.2.4 Pure water permeability test 
Water permeability of the flat-sheet IEMs was measured using a 10 mL stirred 
ultrafiltration cell (Millipore model 8010) at different pressures under nitrogen gas 
ranging from 50 to 400 kPa (DP). The effective membrane area of IEMs samples was 
the same for all experiments (4.1 cm2). Pure water fluxes were calculated following 
Equation 3.5 where Qwater represents the solvent rate (m3.s-1) and Smb the membrane 
surface area (m2) [467]. Jwater = 	 LwaterMmb   Equation 3.40 
Pure water permeation tests of the SS HF substrates were performed in a lab-
scale polyurethane module. The metal HF membranes with an effective length of 40 
mm were first cleaned with ethanol, flushed thoroughly with distilled water and dried 
at room temperature. The metal HF membranes were then placed into the module 
and the DI feed water was circulated onto the membranes and forced through the 
membrane walls under pressure varied from 20 to 100 kPa. The pure water flux of 
the metal HF membranes was calculated using the equation: J = L*P = LQRSTUVWXX  Equation 3.41 
Where J is the membrane pure water flux (L.m-2.h-1), Q is water flux rate (L.h-
1),	and Y7 is the effective membrane surface area (m2). ' is the number of HFs, #Z[ 
the outer diameter and \=]] is the effective length of the HFs. 
 
3.5.2.5 Pore size distribution 
The average pore size and pore size distributions of the substrates were measured 
using a capillary flow porometer (Porometer 3GZH Quantachrome Instruments, 
USA). The samples were first fully wetted with Porofil® wetting solution (16.00 
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dyn.cm-1 surface tension). The measurements were carried out using nitrogen gas and 
the pore size distributions were calculated using the 3GWin2 software (version 2.1, 
Quantachrome Instruments). 
 
3.5.2.6 Ion-exchange capacity (IEC) 
The IECs of the hybrid and commercial IEMs were obtained using a titration 
method. Dry IEM samples were prepared and weighed (mdry). CEM in acid form and 
AEM in alkaline form were equilibrated, respectively, in a 1 mol.L-1 NaCl solution 
and a 0.05 mol.L-1 hydrochloric acid (HCl) solution for 48 h. H+ ions in solution 
were then titrated with a NaOH solution and phenolphthalein indicator. IECs were 
calculated following the equation [182, 445, 446]: ^_`	 mmol.g-1 = f1,		HCl	j	f2,HCl	7dry   Equation 3.42 
Where lmno  is the mass of dried membrane sample and n1,HCl – n2,HCl 
represents which the amount (llp\) of HCl before and after equilibrium. 
 
3.5.2.7 Electrochemical and corrosion behaviours of the hybrid materials 
The stability of the SS substrates and hybrid materials in aqueous and mixed 
solvents environment was investigated using potentio-dynamic methods. The 
corrosion potential of the materials (ECORR), pitting potential (EPIT) and pitting 
behaviour were determined by carrying out cyclic potentio-dynamic polarization 
scans using a potentiostat (VMP3, BioLogic). The samples were embedded in epoxy 
resin with a free exposure area of 1.5 × 1 cm2. A silver chloride electrode (Ag/AgCl, 
Ionode004, US) and a titanium foil (0.170 mm thick) were used as a reference and 
counter electrode, respectively. ECORR and EPIT were measured for each sample (three 
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in a series). The cyclic polarization experiments were performed in 3.5 wt% aqueous 
NaCl aqueous solutions and in 0.05 wt% NaCl solutions of pure methanol, ethanol, 
aqueous methanolic or ethanolic solutions. 
The electrochemical corrosion test cell was sealed in order to avoid solvent 
evaporation and gas exchange with the atmosphere as the tests were carried out at 
room temperature (20°C). The samples were equilibrated in the solutions until ECORR 
become stable within ± 10 mV then the cyclic polarization experiments started 300 
mV below ECORR with a scan rate of 300 µV.s-1 and a scan range between –2 to +2 V. 
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3.5.3 IEMs microstructure and swelling behaviour characterisation by 
ultra-and small-angle neutron scattering techniques 
The structural changes of the IEXs in aqueous methanolic and ethanolic solutions 
were assessed using ultra- and small-angle neutron scattering techniques, USANS 
and SANS, respectively. Neutron scattering techniques have the advantage of being 
more sensitive to light elements due to the neutron interaction with the nuclei of the 
atoms as opposed to small angle X-ray scattering (SAXS) where X-ray interact with 
the electronic cloud of the atoms [468]. Deuterated solvents were used in order to 
obtain a greater SLD contrast between the scattering of the hydrocarbon polymer 
composing the IEXs and the liquid media. USANS/SANS techniques also have the 
advantages to be a non-destructive and non-invasive way to characterise porous 
materials as opposed to other imaging and porosimetry characterisation techniques 
[469]. The combined USANS/SANS data allowed for an in-situ characterisation of 
micrometers to sub-nanometer sized features [459]. 
 
3.5.3.1 USANS/SANS measurements 
SANS measurements were carried out at the Bragg Institute, ANSTO, on the 20 
m pinhole SANS instrument QUOKKA [470]. SANS experiments were performed 
using three sample-to-detector distances, 2 and 8, and 20 m (with focusing lens 
optics) using wavelengths of 5 and 8 Å, respectively. The three configurations 
covered a q range from 5.10-4 to 0.33 Å-1. USANS experiments were also performed 
at ANSTO on the KOOKABURRA instrument using a wavelength of 4.74 or 2.37 Å 
with an accessible q range of 3.10-5 to 5.10-3 Å-1 [471]. 
 
  
 
147 
3.5.3.2 Deuterated solvents 
Deuterated methanol (methanol D4, 99.8% atom D) was acquired from 
Cambridge Isotope Laboratory Inc., and heavy water (D2O) was provided on-site by 
ANSTO. All the solvents were used as received. 
 
3.5.3.3 Extraction of the IEXs and fabrication of the hIEMs 
The IEXs were first extracted from the composite AMV or CMV Selemion® 
IEMs in order to reduce multiple scattering effect and anisotropy in the scattering 
signal. The thin film of IEXs were formed by casting a 10 wt% solution of IEX 
dissolved in THF. Before casting, the solutions were filtered using a 0.45 µm pore 
size nylon syringe filter (Advantec MFS) in order to yield the IEX alone without the 
reinforcement structure. The solutions were then cast on a glass plate to form films 
of anion and cation-exchange materials, AEX and CEX films, respectively. In 
addition, the IEXs were cast across woven SS substrates following the procedure 
described in the Section 1.3.3 Hybrid IEMs fabrication [310, 311]. 
 
3.5.3.4 Sample preparation 
IEM samples were cut into 22 and 40 mm diameter disks in order to fit the SANS 
and USANS cells, respectively. The SANS sample cells can be accommodated into 
the USANS instrument, however due to the lower incident neutron flux of the 
USANS instrument, using smaller samples comes with a loss in scattered intensity. 
The SANS and USANS sample cells consisted of two quartz windows enclosing the 
sample with a path length corresponding to the thickness of the sample. Samples 
were prepared 24 h before the measurements, which allowed the IEMs to equilibrate 
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in the solvent. After equilibration, the samples were immediately transferred within 
the sealed quartz cells. Volume percentage (v/v) of 33 and 66% of mixed 
ethanol/heavy water and deuterated methanol/heavy water solutions were prepared 
and the mixing behaviour of ideal solutions was considered. 
 
3.5.3.5 SANS/USANS data analysis 
Data reduction and analysis: Data were corrected from the empty quartz or ED 
cell and from the detector background measurements, detector sensitivity and 
transmission values of each sample. The slit-smeared USANS intensities were 
desmeared in order to be directly comparable to the SANS data. Data desmearing 
and reduction were performed using the QUOKKA SANS reduction macro on Igor 
pro software (WaveMetrics). Data fitting, solvent volume fraction and volume 
distribution analysis were performed using Irena package on Igor pro software [472, 
473]. The fitting procedures were performed using uncertainties on the measured 
intensity curves corresponding to one standard Poisson error estimate [474]. 
 
Neutron scattering curve and intensity: The neutron scattering intensity, ^(q), is 
defined as the neutron scattering cross-section, ,, per unit solid angle, , divided by 
the total sample volume, r . ^ q 	 is directly measured during the scattering 
experiment and can be written as: ^ q = 9s tuv (q) = twtv (q)  Equation 3.43 
The overall neutron scattering cross-section has three terms, the coherent (Σyz{), 
incoherent (Σ5Qy) and absorption (Σ&|}) components: twtv q = twcohtv q + twinctv + twabstv   Equation 3.44 
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Only the coherent component is q dependent and gives information about the 
distribution of matter in the sample. The incoherent scattering component is 
featureless, q-independent and participates in the incoherent background containing 
information about the overall material scattering density including the excess solvent 
at the surface of the samples. The absorption component corresponds to the neutron 
absorption coefficient of the sample [459]. 
 
Geometry of the scatterer, Rg and Porod exponent α: USANS and SANS 
scattering curves were analysed in the Guinier and power-law (Porod) regions. The 
radius of gyration (Rg) and the Porod exponent (α) were obtained from a fitting of the 
combined USANS/SANS data using two levels, when applicable, of the Guinier-
Porod empirical model [474]. The statistical uncertainties on the Rg and α fitting 
parameters were below 1.5 and 1%, respectively. ^ q = 8ÑÖÜ jLáàâáä 	for q ≤ q9 and ^ q = SLå for q ≥ 	q9  Equation 3.45 
Where 8 and # are the Guinier and Porod scale factors respectively. 
The estimate of the scatterer size is given by the Rg value as the geometry of the 
scatterer can be obtained from the Porod exponent, α. A Porod exponent α = 1 
corresponds to scattering from thin rods or filaments geometry,  α = 5/3  to fully 
swollen polymer chains, α = 2 represents scattering from thin platelets, lamellae or 
points to Gaussian polymer chains. Porod exponent 2 < α < 3 refers to scattering 
from mass fractal structure, α = 3  to collapsed polymer chains and 3 < α < 4 
represents scattering from surface fractal dimension where α = 3 indicates very rough 
surfaces and α = 4 smooth surfaces [459, 474]. 
 
  
 
150 
Neutron scattering length density: The neutron scattering length density (SLD, ρ) 
represents the coherent interaction of a neutron with a material and can be calculated 
from the following equation [459]: ( = %yéQ5 /r7  Equation 3.46 
Where %yé is the bound coherent scattering length summed over the constituent 
nuclei (1 to i) and r7 is the molecular volume. 
 
The neutron SLD values of the hIEMs were calculated using Equation 3.12 as a 
volume average over the inorganic reinforcement and the filling polymer determined 
by the TGA method. The neutron SLD value of the SS woven substrates was 
calculated using the 316L atomic composition [462]. (hybrid	material = vol%é	∗MëSéíé 900   Equation 3.47 
The contrast factor ∆(2 is the square of the difference in SLD between the bulk 
material, SLDs, and the liquid phase, SLDl, and is proportional to the scattering 
intensity. In order to reduce multiple scattering from the samples during USANS 
experiments, the contrast factor was reduced by preparing solutions of mixed light 
and heavy water. 
 
Porosity and solvent volume fraction, scattering invariant Y: The swollen IEMs 
can be described as a two phases material where the bulk material volume fraction is 
noted as φs and the liquid swelling the clusters φl. The total scattering power of a 
sample is constant and independent to the density distribution of the sample. The 
evaluation of the volume of each component is possible using the scattering 
invariant, Y, and is calculated by integrating the observed intensity ^(q) over the 
whole of reciprocal space [459, 469]: 
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î = q:^ q ïq =21:(∆():ñV(1 − ñV)  Equation 3.48 
 
Size distribution, maximum entropy method: The size distributions of the 
scatterers in the samples were obtained from the SANS data using the maximum 
entropy method. The maximum entropy method is a constrained optimization 
parameter approach which aims at solving the following scattering equation [475]: ^ q = (∆(): .(q, ó):r: ó )ò ó ïó  Equation 3.49 
Where .(q, ó) is the scattering form factor, r ó  is the volume of particle of 
diameter ó , )  is the total number of scatterers and ò ó  is the particle size 
distribution probability. A spherical form factor was assumed for the calculation of 
the size distribution. 
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3.6 Ionic electro-diffusion tests 
Electro-diffusion experiments were performed in which dissociated ionic species 
were transported through the electrolyte solution and IEM material under the 
influence of an electrical field. The range of applications and performance of the 
hIEMs were investigated in a variety of liquid environments using specifically 
designed electro-diffusion and electro-catalytic test modules presented thereafter. 
 
3.6.1 Commercial IEMs and solutions 
3.6.1.1 Ionic solutions 
The following salts were used for the preparation of the ionic solution and were 
summarised in Table 3.4. Sodium chloride (NaCl, AR grade, > 99.7% purity, Mw = 
58.44 g.mol-1) and sodium sulphate anhydrous (Na2SO4, analytical grade, > 99% 
purity, Mw = 142.04 g.mol-1) were purchased from ChemSupply. BioReagent grade 
copper sulphate pentahydrate (CuSO4.5H2O, > 98% purity, Mw = 159.609 g.mol-1), 
zinc sulphate heptahydrate (ZnSO4.7H2O, > 99% purity Mw = 287.54 g.mol-1), silver 
nitrate (AgNO3, > 99%, Mw = 169.87 g.mol-1), nickel sulphate heptahydrate 
(NiSO4.7H2O, purum grade, > 95%, Mw = 280.86 g.mol-1) and magnesium nitrate 
hexahydrate (Mg(NO3)2.6H2O, ACS reagent > 98%, Mw = 256.41 g.mol-1) were 
sourced from Sigma-Aldrich and used as received. The organic salt, sodium acetate, 
(CH3COONa, ACS reagent, > 99%, Mw = 82.03 g.mol-1) was also obtained from 
Sigma-Aldrich. 
The ionic solutions were prepared by dissolving a known quantity of salt crystals 
into DI water, methanol and ethanol (ACS grade, > 95% purity, ChemSupply) or 
their mixtures under agitation. Volume fractions (v/v) of 33 and 66% of mixed 
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methanol/DI water and ethanol/DI water solutions were prepared. For example, a 
solution of 33% v/v methanol/DI water was prepared by adding 300 mL of methanol 
into 600 mL of DI water under stirring. Mixing behaviour of ideal solutions was 
considered. 
 
Table 3.4. Salts used for the preparation of the ionic solutions and their applications. 
Salts Formula Ionic form Application 
Sodium chloride NaCl Na+ Cl- Conventional and capacitive ED 
Tubular membrane reactor 
SANS electro-diffusion cell 
Sodium sulphate Na2SO4 2Na+ SO42- Electrolyte support: 
Conventional and capacitive ED 
Advanced ED 
Copper sulphate CuSO4 Cu2+ SO42- Conventional and capacitive ED 
Advanced ED 
Tubular membrane reactor 
SANS electro-diffusion cell 
Zinc sulphate ZnSO4 Zn2+ SO42- Advanced ED 
Nickel sulphate NiSO4 Ni2+ SO42- Advanced ED 
Silver nitrate AgNO3 Ag+ NO3- Advanced ED 
Magnesium 
nitrate 
Mg(NO3)2 Mg2+ 2NO3- Electrolyte support: 
Advanced ED 
Sodium acetate CH3COONa CH3COO- Na+ SANS electro-diffusion cell 
 
3.6.1.2 Commercial Selemion® IEMs 
The desalination performance of the hIEMs was tested on an ED test rig and 
benchmarked against commercial Selemion® IEMs. The cation-exchange (CMV) and 
anion-exchange (AMV) Selemion® IEMs were purchased from AGC Asahi Glass, 
Japan. CMV and AMV IEMs are readily available, general-purpose IEMs. The 
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Selemion® IEMs were chosen due to their chemical and structural similarities to the 
ion-exchange resin beads and hybrid IEMs. 
Selemion® CMV and AMV IEMs belong to the class of composite micro-
heterogeneous IEMs which are generally produced by paste method of a mixture 
containing an ion-exchange polymer and PVC backing polymer [476]. The paste 
mixture was then cast across a glass-fibre reinforced polymeric open mesh fabric to 
obtain composite IEMs. The permselectivity and conductivity properties of the IEMs 
are directly related to the ion-exchange polymer phase while the PVC phase provides 
flexibility and mechanical strength to the membrane materials [136, 145]. The ion-
exchange polymer phase is formed by an interpenetrating cross-linked polymer 
network of functionalised styrene-divinylbenzene copolymer [477]. The fixed 
positive functional charges present across the AMV anion-exchange membrane 
result from strongly basic quaternary ammonium groups (-N(CH3)3+) chemically 
introduced onto the styrene-divinylbenzene copolymer by quaternisation reactions 
[476]. The functional negative charges of the CMV cation-exchange membrane 
come from cation-exchange sulfonic groups (-SO3-) present in the homogeneous 
sulfonated styrene-divinylbenzene copolymer [478, 479]. 
Before starting the experiments, the IEMs were converted to Na+ form for the 
cation-exchange type membranes and to Cl- form for the anion-exchange type 
membranes using 0.5 M NaCl aqueous solutions. The membranes were immersed for 
48 h under stirring in the NaCl solution which was refreshed twice a day to ensure 
proper and complete exchange [145]. 
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3.6.2 Salt concentration monitoring 
3.6.2.1 Conductivity measurements 
The conductivity (), temperature (T) and pH of the feed and product solutions 
were recorded using a conductivity meter (CondTPS, WP-81) in automatic 
temperature compensation mode and data-logged with the software Termite 
(CompuPhase, USA). NaCl and CuSO4 calibration curves were determined in each 
liquid media studied with salt concentrations varying from 5.10-3 to 2.10-1 M. Linear 
correlations between the conductivity measurements and the salt concentrations were 
found (Appendix Figures A3.1 and A3.2). The values of the slopes and correlation 
coefficient (R2) are summarised in Table 3.5. 
 
Table 3.5. Conductivity calibration curve coefficients. 
Ionic solution Slope “a” (mS.L.mol-1) R2 
NaCl, water 101.47 0.99867 
NaCl, 33% methanol 40.61 0.98294 
NaCl, 66% methanol 43.36 0.99769 
NaCl, 33% ethanol 33.35 0.98838 
NaCl, 66% ethanol 19.90 0.98924 
CuSO4, water 85.78 0.98941 
CuSO4, 33% methanol 37.75 0.99797 
 
3.6.2.2 Ionic fluxes calculation 
Salt fluxes and permeations were calculated from the salt concentration variation 
for set time periods (môöõúùmû ) across the feed and product compartments [480]. The 
experiments were performed at room temperature and tests were carried out in 
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recycled mode configuration. The ionic fluxes through IEMs were defined from 
Equation 3.15. 
JSalt = s∗†°Salt†ù*   Equation 3.50 
Where V is the volume of solution (L), A the membrane active surface area (cm2) 
and môSaltmû  is in mol.L-1.s-1. 
 
3.6.3 Flat-sheet membranes ED module 
A six-compartment configuration electrochemical flow cell made of poly(methyl 
methacrylate) (PMMA) was designed to investigate the desalination performance of 
the novel hIEMs with model salt solutions. The membrane stack was composed of 
two pairs of membranes (active membrane surface area of 6.25 cm2) and a 
supplementary CEM placed next to the electrode to separate the diluate stream 
(compartments 2 and 4) from the electrode waste solution (compartments 1 and 6) 
(Figure 3.6a). Two sets of o-rings were used to prevent any leakage between each 
compartment. PMMA spacers with specific tortuous hydraulic pathways (Figure 3.6b 
and c) were also designed with an effective transfer area of 4.60 cm2. The width and 
depth of the channels across spacers were of respectively 3.4 and 2 mm. Module 
construction, feed solutions as well as the set of IEMs used and their arrangement 
were considered as fixed parameters. 
The ED experiments were performed in constant intensity mode applied across 
the two gold electrodes (40 x 40 mm2). The mean stream flow rate velocities for the 
feed, concentrate and electrode streams were considered constant across the tortuous 
flow path of the spacers. A DC power supply (BK Precision, 9124, LabVIEW 
software) was used to control and data-log the experimental current and voltage. 
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The fluid flow velocity was varied between 4.7, 7.1 and 9.4 cm.s-1 in order to 
assess the impact of the residence time on the ED process efficiency. The 
performance of the hIEMs was evaluated and benchmarked against the commercial 
CMV and AMV Selemion® IEMs. The concentrate and diluate were fed by solutions 
of the same ionic strength and composition (1 L of solution per compartments in 
volume) to prevent any excessive concentration gradient and osmotic diffusion 
across the IEMs. The contribution of the pure diffusion regime was therefore 
considered negligible on the ionic mass transport at the start of the experiments. 
Furthermore cross-flow rates were applied across the compartments in order to 
reduce concentration gradients. The electrode compartments were fed with a solution 
of Na2SO4 in DI water (4 wt%). The feed, concentrate and electrode streams were 
recirculated across the ED stack with a 4 head peristaltic pump (John Morris, 
Scientific, USA). 
The gas production at the electrodes or across the ED compartments was 
qualitatively analysed using a handheld gas sensor (MultiRAE lite, RAE Systems, 
US). 
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Figure 3.6. (a): Schematic of the ED test cell configuration, (b): image of ED test cell 
set-up and (c): PMMA ED tortuous spacers design. 
 
3.6.4 Advanced ED process 
3.6.4.1 Heavy metal ions collector 
A plain carbon cloth composed of woven carbon fibres was used as a heavy 
metal ions collector in the advanced ED set-up. The plain carbon cloth (AvCarb 1071 
HCB, 356 µm thickness) was ordered from FuelCellStore, TX, USA and used 
without any further modifications. 
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3.6.4.2 Advanced ED set-up and modification 
Advanced ED tests were performed in a modified conventional flat-sheet 
membrane ED module (Figure 3.6a). The modified ED module was comprised of a 
four-compartment stack made up of two AEMs and one CEM separated by tortuous 
spacers (Figure 3.6c) [311]. In a typical heavy metal recovery experiment, a carbon 
cloth piece (40 × 40 mm2) was inserted between the pair of CEM and the AEM 
facing the cathode in order to collect the heavy metal ions and protect the AEM from 
poisoning mechanisms (Figure 3.7). In addition, the desalination performance of the 
advanced ED process concept was compared to the desalination rates of metal ions 
by conventional ED process without carbon cloth present in the module. The 
experiments were carried out across a range of current densities (i) varying from 25 
to 175 mA.cm-2 and performed at room temperature (20°C). Experiments using 
copper sulphate salts were also performed across different flow rates ranging from 12 
to 24 mL.min-1 in order to assess the effect of the residence time on the transfer of 
ions. Each test lasted for 30 min while a minimum of two sets of experiments were 
carried out in order to assess the reproducibility of the experiment.  
The diluate compartment was fed with 250 mL of aqueous metal salt solutions. 
The concentrate and electrode compartments were fed with 250 and 500 mL of 0.1 
M sodium sulphate aqueous solutions, respectively. The metal salt concentration in 
the feed solution was fixed at 0.1 M for copper and zinc sulphate salts and 0.05 M 
for nickel sulphate and silver nitrate. Magnesium nitrate was used as electrolyte 
support for the experiments involving the recovery of silver from silver nitrate 
solutions in order to avoid the formation of insoluble silver complexes. 
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Figure 3.7. Schematic of the advanced concept of ED set-up with a conductive 
carbon cloth element placed for the recovery of metal ions. 
 
3.6.5 Tubular electro-diffusion reactor configurations 
The tubular hIEMs were assembled in two different configurations within 
specifically designed tubular modules (Figure 3.8a and b) in order to study the 
desalination of aqueous NaCl and CuSO4 model solutions. The first hybrid 
membrane reactor (HMR) configuration studied was constructed with one tubular 
hCEM as the anode, which was enclosed within a conductive SS tube acting as the 
cathode (Figure 3.8a). The second configuration was comprised of a pair of tubular 
hCEM and hAEM, which formed independently the electrodes of the HMR (Figure 
3.8b). The current and voltage across the HMR was controlled using a DC power 
supply (BK Precision, 9124, LabVIEW software). The conductivity (χ) was recorded 
on a conductivity meter (CondTPS, WP-81) using the Termite Software 
(CompuPhase, USA). 
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3.6.5.1 Single tubular hybrid CEM reactor 
The length of the tubular hCEM inserted into the HMR was 85 mm with an 
external diameter (dext) of 6 mm, which represented at total external membrane area 
of 1658 mm2. The lengths of the tubular SS substrates used for the experiments were 
chosen in order to facilitate benchmarking with the flat-sheet hIEMs as their outer 
surface area equalled the area of the flat-sheet SS substrates. The tubular hCEM was 
inserted into a 316L SS tube with an internal diameter of 1.5 cm. Both ends of the 
reactor were sealed with Araldite® resin, while the lumens of the tubular hCEM were 
left open. The feed solution composed of either 0.1 M of aqueous NaCl or CuSO4 
was flown inside the lumen of the tubular hybrid CEM as represented in Figure 3.8a. 
The rinse stream was flown inside the SS tube through two openings made across the 
surface of the tube. 
 
3.6.5.2 Dual tubular hybrid IEMs reactor 
One pair of tubular hCEM and hAEM of similar dimension (L = 85 mm; dext = 6 
mm) were assembled into a 2.5 cm in diameter cylindrical PVC enclosure. Similarly, 
the ends of the HMR were sealed with Araldite® resin and the lumens of the tubular 
hIEMs were left open. The distance between each tubular hIEMs was fixed at 6 mm. 
The aqueous 0.1 M NaCl or CuSO4 feed solutions were flown in both an inside-out 
or outside-in configuration as shown in Figure 3.8b. The single tubular hybrid CEM 
reactor presented Figure 3.8a was used as a first proof of concept where the electro-
diffusion of a single ionic species was studied. 
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Figure 3.8. Schematic representation of: (a) the single tubular hybrid CEM reactor 
and (b) the dual tubular hybrid IEMs reactor. 
 
3.6.6 SANS electro-diffusion measurements cell 
The 4 cm3 cells were composed of Acrylonitrile-Butadiene-Styrene (ABS) 
polymer shaped using a fused filament 3D printing technique (Figure 3.9a and b). 
The electro-diffusion cell was designed with a small volume in order to use a small 
amount of rather expensive deuterated solvents. The electrodes/windows of the 
electro-diffusion cell were made out of 0.3 mm thick aluminium foils in order to 
provide good electrical conductivity, transparency toward the neutron beam and 
sufficient mechanical strength. However, the aluminium windows were susceptible 
to activation in the neutron beam imposing a downtime of approximately 30 min 
before returning to safe handling radiation level. As the 3D printing manufacturing 
process is a cheap and versatile tool, it is possible to use multiple identical electro-
diffusion cells and therefore limiting the downtime during experiments to a 
minimum. Only a weak electrical potential was required due to the 4 mm path-length 
of the electro-diffusion cell. The cell voltage was maintained between 0.5 and 1.5 V 
in order to reduce to a minimum solvent splitting, production of gas bubbles and 
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degradation of the aluminium electrodes. However, due to the short path-length 
between the two electrodes, the current density across the module represented 62.5 
A.m-2 at 1.5 V approximating the current density typically found in commercial ED 
stack for a similar feed conductivity. The cadmium rings as seen in Figure 3.9b were 
strategically placed in order to align and focus the centre of the neutron beam. 
The SANS electro-diffusion experiments were performed with the flat-sheet 
hybrid and Selemion® IEMs using 0.1 M NaCl, CuSO4 aqueous and 33% (v/v) 
methanolic solutions. Every experiment lasted for 90 min during which a fixed 
potential was applied for 30 min, followed by a 30 min relaxation time before 
returning to the initial potential value for 30 min. 
 
 
Figure 3.9. (a): Cross-sectional view of the electro-diffusion cell developed for the 
in-situ SANS measurements and (b): photograph of the electro-diffusion cells 
mounted in the SANS instrument enclosure. 
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3.7 Electro-catalysis tests 
In the following sections, the materials and experimental protocols related to the 
hybrid materials for electro-catalytic applications including biofuel production and 
removal of small organic molecule pollutants were detailed. 
 
3.7.1 Electro-catalysis cell for biodiesel generation 
A novel electro-catalytic method for the production of biodiesel from canola oil 
using a simple electro-catalytic process in aqueous methanolic and ethanolic reaction 
mixture was investigated. The transesterification reaction took place in a two-phase 
reaction mixture where an emulsion of canola oil in the alcohol phase was formed 
under strong stirring at either 40°C or room temperature. The electro-catalytic reactor 
was constituted of two electrodes. Plain 316L SS woven wire mesh and hybrid flat-
sheet electrodes were used as cathode materials as a plain carbon paper was used for 
the anode material [310, 311]. The reactants and reaction products were analysed by 
high performance liquid chromatography (HPLC). 
 
3.7.1.1 Chemicals and feedstock 
Commercial grade canola oil (Coles brand) was obtained from a local 
supermarket. Reagent grade methanol and ethanol (ACS, > 95% purity), sodium 
chloride and sodium hydroxide were purchased from ChemSupply (SA, Australia) 
and used for the transesterification reactions. HPLC grade methanol, 2-propanol and 
hexane were obtained from Sigma-Aldrich (NSW, Australia) and used for the HPLC 
analysis. 
 
  
 
165 
3.7.1.2 Electrode materials 
SS woven wire mesh (316L grade, 70 x 70 mesh size, 180 ± 10 µm thick) and 
plain carbon paper (AvCarb® MGL 190, 190 µm thickness) were obtained from 
FuelCellStore (TX, USA). The hybrid electrodes consisted of the SS woven wire 
cloth coated with the anion or cation-exchange resin paste, hAEM and hCEM 
respectively. The hybrid electrodes were prepared using a pore filling method across 
the porous SS wire mesh as described in Section 1.3.3. Hybrid IEMs fabrication. 
 
3.7.1.3 Electro-catalytic reactor 
The electro-catalytic reactor consisted of an electrolysis cell containing two 
electrode plates (20 x 20 mm) separated by a distance of 30 mm (Figure 3.10). The 
working electrode (cathode) was made of the SS wire mesh or the hIEM materials 
under investigation, as the carbon paper was used for the counter-electrode (anode). 
The electrolysis reaction was carried out using a constant potential varying from 10 
to 40 V and was applied between the two electrodes at room temperature or at 40°C 
and under agitation. 
 
 
Figure 3.10. Schematic of the electro-catalysis cell and reactions occurring at the 
surface of the electrodes. 
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3.7.1.4 Reaction mixtures 
The electro-catalytic reactor was filled with 30 mL of a methanolic or ethanolic 
reaction mixture comprised of canola oil, methanol or ethanol, DI water and NaCl as 
the supporting electrolyte. The molar ratio of alcohol to canola oil was fixed at 10:1. 
In addition, 0.3 wt% of NaCl and 1 wt% of DI water was added based on the oil 
weight and on the total reaction mixture weight, respectively. In order to promote the 
dissociation of the ionic species, NaCl was first dissolved into the alcohol and water 
mixture before adding the oil into the electro-catalytic reactor. Conductivity and pH 
values of the reaction mixtures were recorded prior to and post reaction using a 
conductivity meter (CondTPS, WP-81). 
Conventional transesterification of canola oil using a homogeneous catalyst 
(sodium hydroxide, NaOH) was performed in a closed reactor at 40°C under 
agitation for 30 min. The canola oil was transesterified using a 10:1 molar mixture of 
alcohol to canola oil ratio with a catalyst concentration of 1.5 wt% of the total oil 
weight. 
 
3.7.1.5 Samples preparation for HPLC analysis 
Small-volume samples of the reaction mixture (1 mL) were collected at the end 
of the experiment or at regular time intervals. The collected samples were allowed to 
settle for 24 h in order to separate the ester and glycerol phase by decantation and to 
allow the excess alcohol to evaporate. Both the ester and oil phases were analysed 
due to the high water content of the electro-catalytic method which may prevent the 
separation of methyl esters from the glycerol and unreacted TGs [481]. The sample 
solutions were then dissolved in 2-propanol/hexane (80:20, v/v%) to form 1% (v/v) 
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solutions and filtered through a 0.45 µm pore size nylon syringe filter (Advantec 
MFS) prior to HPLC analysis. 
 
3.7.1.6 HPLC instrument and methods 
The HPLC system (Agilent Technologies 1200 Series liquid chromatography 
system, Agilent Technologies, VIC, Australia) was equipped with an ultraviolet 
detector, a solvent degasser and a quaternary pump. Agilent Chemstation software 
was used for system control and data acquisition. All separations were carried out 
using an Agilent Poroshell column (2.7 µm; EC-C18; 4.6 mm x 100 mm) with an 
injection volume of 10 µl. The temperature of the column oven and the wavelength 
of the detector were 40°C and 205 nm, respectively. A mobile phase gradient 
consisting of methanol and a 2-propanol/hexane (80:20, v/v%) mixture was pumped 
at a flow rate of 1.0 cm3.min-1 through the column. Samples were injected into 100% 
methanol, which was then linearly decreased to 50% methanol and 50% 2-
propanol/hexane (80:20, v/v%) over 15 min. Each sample analysis was performed in 
at least duplicate and the relative error between consecutive measurements was 
evaluated at 5%. This method has previously been developed and successfully 
applied for the rapid quantitative determination of the yield of the transesterification 
reaction [482]. 
 
3.7.1.7 Calculation of the biodiesel percentage yield 
The qualitative and semi-quantitative determination of the conversion of canola 
oil was carried out by comparing the sums of the areas of the peaks corresponding to 
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the methyl esters (MEs) and unreacted glycerides (mono-, di- and tri-glycerides). 
The percentage yield was calculated as follows [482]: 
MEs	yield% = 	 YMEsYMEs + YGlycerides ×100 Equation 3.51 
The conversion of canola oil to methyl esters was also assessed based on the 
volume difference between the initial quantity of oil in the electro-catalytic reactor 
(t0) and the remaining amounts of oil in the reactor at the end of the experiment (tf). 
The conversion yield was calculated from the following equation [483]: 
Volume	yield% = Volume	of	methyl	esters	 + 	glyceridesVolume	canola	oil 		 Equation 3.52 
 
3.7.2 Electrochemical oxidation of small organic molecule pollutants 
The hybrid HFs IEMs were tested for the electrochemical remediation of small 
organic molecule water pollutants using model aqueous solutions of salicylic acid 
(SA) dissolved in water. SA was chosen as a representative organic water pollutant 
due to its increasing representation in wastewater and which concentration can be 
readily monitored using UV/vis techniques [484]. 
 
3.7.2.1 Chemicals and electrode materials 
ACS reagent salicylic acid (SA,>99.0% purity) and sulphuric acid (H2SO4, > 
98% purity) were purchased from Sigma Aldrich (Castle Hill, NSW) and used as 
received. 
The hybrid HFs were used as the anode material for the oxidation of SA whereas 
a platinum (Pt) wire was use as cathode (0.5 mm in diameter). In some experiment, 
the Pt wire was also replaced by a hybrid HFs coated with the cation-exchange resin. 
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3.7.2.2 In-situ electro-oxidation of salicylic acid by UV/vis 
The UV/vis spectra of SA were recorded using a quartz cell over the full 
accessible range (178-885 nm) of an Ocean Optics spectrophotometer (USB2000 
model) UV/vis spectrophotometer, the peak at 292-296 nm was employed in order to 
monitor the in-situ oxidation of SA (Figure 3.11a). A seven-point calibration curve 
was determined with SA concentrations varying from 2.10-2 to 2.10-3 M. A linear 
correlation between absorbance readings and SA concentrations was found (Figure 
3.11b). The quartz cell was filled with 3 mL of 0.04 M aqueous solution of SA and 
10 µL of 0.01 M H2SO4 was added as electrolyte support. The SA solution was 
agitated using a magnetic stirrer. The electrochemical oxidation was carried at room 
temperature using a constant current method. The electrochemical oxidation voltages 
were automatically adjusted using a DC power supply (BK Precision, 9124, 
LabVIEW software) in order to maintain constant current density of 5 ± 0.05 
mA.cm-2 between the two 25 mm long electrodes. 
 
  
 
170 
 
Figure 3.11. (a): UV/vis experimental set-up for the in-situ monitoring of SA 
electrochemical oxidation with possible electrode reactions, SA degradation pathway 
[485]. (b): UV/vis calibration curve of SA in DI water. 
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Chapter 4. Substrates and hybrid materials 
characterisation 
In this Chapter, the fabrication and extensive physicochemical characterisation of 
the hybrid materials are presented. The properties of the materials were assessed at 
each stage of development from the bare substrate to the functional hybrid material. 
The design and characterisation of the interface between the SS substrates and the 
IEX are particularly developed. In addition, the fabrication and characterisation of 
tailored hollow-fibre support made of sintered SS particles is presented in this 
Chapter. 
 
4.1 Flat-sheet stainless steel substrate morphology and properties  
4.1.1 Flat-sheet substrate properties 
The properties and SEM morphologies of the porous SS substrates composed of 
non-woven and woven 316L SS fibres are presented in Table 4.1 and Figure 4.1a and 
b, respectively. The 240 µm thick non-woven SS substrates were composed of 
partially sintered SS fibres (15 ± 0.5 µm of diameter, Figure 4.1a). SS non-woven 
porous materials are typically prepared in a 2-step process, by first vacuum filtration 
of micron-sized metal fibres, prior to hot isostatic pressing process [486]. This 
fabrication process led to the formation of a non-woven material whereby individual 
metal fibres were only interconnected through necks. 
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Figure 4.1. (a): SEM images of the pristine non-woven and (b): woven SS substrates. 
 
The porosity of the reinforcement, measured by liquid pycnometry, was found to 
be around 60% (± 4%) with an average pore size of 31 µm and a pore size 
distribution ranging over 60 to 19 µm, which were evaluated by capillary flow 
porometry (Figure 4.2a). On the other hand, the woven SS substrates were thinner, 
180 µm thick, and made of larger 94 µm SS fibres with a mesh opening size of 269 
µm and an open area of 63%. The porosity of the non-woven and woven SS 
substrates was therefore found to be similar, however, the mechanical properties of 
the woven SS substrates were superior (Figure 4.2b) due to the woven fashion and 
greater fibre diameters. The Young moduli (Table 4.1) measured from the tensile 
strength tests (Figure 4.2b) of the non-woven and woven SS substrates were two 
orders of magnitude lower than that of an equivalent martensitic dense SS material, 
highlighting the higher flexibility of the material [487]. The electrical properties of 
both SS substrates were similar and close to the electrical resistance value of the bulk 
SS material (0.05 Ω.cm) indicating a working electrically conductive pathway at the 
contact points between the SS fibres. The water contact angle measurement of the SS 
substrates revealed hydrophobic-type materials with water contact angle values of 
130° ± 5 for the non-woven substrates and 104° ± 3 for the woven substrates. The 
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greater hydrophobicity of the non-woven substrates was attributed to the smaller size 
of the fibres, which increased the roughness and surface area of the substrates. 
 
 
Figure 4.2. (a): Pore size distribution of the non-woven SS substrate. (b): Tensile 
strength test of the non-woven and woven SS substrates. 
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Table 4.1. General properties of the flat-sheet non-woven and woven SS substrates. 
Properties 
Non-woven SS 
substrate 
Woven SS substrate 
Thickness (µm) 240 180 
Fibre diameter (µm) 15 ± 0.5 94 
Porosity 60% ± 4 (measured) 63% (calculated) 
Mean pore size (µm) 31 269 
Electrical resistance 
(Ω.cm) 
0.55 0.55 
Water contact angle 130° ± 5 104° ± 3 
Mechanical strength 
(MPa): 
Young’s modulus 
Breaking strength 
Yield strengh 
 
1100 ± 239 
19 ± 1.4 
2.1 ± 1 
 
3325 ± 437 
69.6 ± 0.9 
9.4  ± 0.8 
 
The surface characteristics of the SS fibres composing the woven substrate were 
analysed using SEM and AFM techniques. The AFM images (Figure 4.3a and b) 
revealed fibres presenting a rough surface with a maximum roughness of 85 ± 3 nm. 
In addition, 23 ± 5 nm deep grooves oriented parallel to the fibre axis were present 
on the surface (Figure 4.3c and d) suggesting a structured surface. The surface of the 
15 µm SS fibres composing the non-woven substrates was found to be formed by 
sintered particles without specific orientation (Figure 4.4a). 
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Figure 4.3. (a): 20x20 µm tapping-mode AFM topography image of an individual 
steel fibre surface and (b) pseudo-3D representation of the AFM scan. SEM images 
of (c): the cross-section of the woven SS substrate and (d): surface of the steel fibres. 
 
 
Figure 4.4. SEM images of individual SS fibre composing the non-woven SS. (a): 
Bare fibre; (b): plasma treated fibre and (c): aminosilane coated fibre. 
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4.1.2 Surface oxide layer formation 
The SS substrates were water-plasma treated in order to form a thin oxide film 
across the surface of the metal fibres providing anchoring points for the aminosilane 
coupling agent. This treatment drastically increased the hydrophilic properties of the 
substrates. Both sides of the plasma-treated SS substrates exhibited a water contact 
angle θ < 10° upon impact as compared to 130° and 104° water contact angle for 
pristine non-woven and woven SS substrates, respectively. The formation of this 
continuous layer of oxide groups on the surface of the metal fibres was shown to 
increase the output of the sol-gel reaction [318]. The SEM image of the plasma 
treated SS substrate did not reveal any morphological changes at the microscopic 
scale (Figure 4.4b). The growth of the oxide layer and oxygen content present at the 
surface of the SS substrates were investigated by EDS analysis for different exposure 
times of oxidative water plasma (Figure 4.5a). The native oxide layer of the SS 
substrates presented low oxygen content of 0.5 at%. The generation of the oxide 
layer began after the first minute of treatment with an increased oxygen content of 
2.1 at%. The oxygen content remained at a consistent level after the initial 5 minutes 
of treatment without further noticeable increase (Figure 4.5a). 
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Figure 4.5. (a): SEM-EDS analysis of the oxygen content on the substrate surface for 
increasing water plasma treatment time. (b): XRR curves of the plasma treated SS 
wafer. 
 
In addition, the thickness of the oxide layer formed by the plasma treatment was 
characterised by XRR experiments on model SS substrates. A plain ultra-polished SS 
wafers with a surface roughness finish ≤ 5 Å and a Si wafer coated with a thin SS 
layer deposited by PVD were used to mimic a 316L SS flat surface. The XRR curve 
of the plasma treated polished SS wafers and the best fit of the reflectivity data are 
shown in Figure 4.5b. The oxide layer on top of the SS wafer was found to be 28 ± 1 
Å thick with a roughness of 13 ± 1 Å. Figure 4.6 shows the AFM measurements of 
pristine and plasma treated SS wafers. The AFM topography images revealed rough 
surfaces resulting from the polishing method with a roughness, Ra, corresponding to 
2.5 and 1.5 nm for the pristine and plasma treated SS wafers, respectively. The 
surface of the SS wafers was found to be smoother after the plasma treatment due to 
the growth of the oxide layer. 
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Figure 4.6. (a) and (b): 5x5 µm tapping-mode AFM topography images of the 
untreated SS wafer and the plasma treated SS wafer, respectively. (c) and (d): 
Pseudo-3D representation of the AFM scan of the untreated SS wafer and the plasma 
treated SS wafer, respectively. 
 
The AFM measurements of the SS coated Si wafer showed a limited roughness 
of the SS deposition with an average roughness of 3.5 nm. The peaks visible on the 
AFM images (Figure 4.7a and b) were associated with contaminants and when 
excluded from the AFM image, the average calculated roughness was close to 0.7 
nm. The smooth SS layer allowed for the acquisition of an improved reflectivity 
signal with a number of 10 distinct fringes (Figure 4.7c). From the best-fit to the 
reflectivity curve, the nominal thickness of the SS film was 147 ± 5 Å with a 
roughness of 4.5 ± 1 Å. The AFM results were found to be consistent with the XRR 
characterisation confirming the suitability of the XRR method for the analysis of 
metal substrates. The plasma surface treatment therefore promoted the growth of a 
thin oxide layer without damaging the surface of the SS substrates. The thin oxide 
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layer of the plasma-oxidised SS substrates provided anchoring points for the 
following silane functionalisation reaction. 
 
 
Figure 4.7. (a): 20x20 µm tapping-mode AFM topography image of the SS coated Si 
wafer. (b): Pseudo-3D representation of the AFM scan. (c): XRR curves of the 
untreated SS coated Si wafer. 
 
4.1.3 Functionalised substrates characterisation and morphology 
The aminosilane sol-gel grafting led to the formation of a micron thick, 1 ± 0.2 
µm, continuous film on the surface of the SS fibres as shown in Figure 4.4c. The 
EDS analysis of aminosilane grafted SS surfaces is presented in Figure 4.8. Si 
elements (Figure 4.8c) were found evenly across the surface of the fibres confirming 
the homogeneous bonding of the aminosilane on the surface metal oxides formed 
during plasma treatment. Presence of molybdenum, nickel and chrome elements in 
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EDS analysis was consistent with the 316L grade of the SS substrates. In addition, 
the contact angles measured on the SS surfaces sequentially after plasma treatment 
and aminosilane grafting were found to be similar for both types of substrates with 
values of 105° ± 6. 
 
 
Figure 4.8. SEM-EDS analysis of the aminosilane grafted surface of the porous 
stainless steel. (a): SEM image; (b): Total elements count; (c): Si distribution; (d): Fe 
distribution and (e): O distribution. 
 
The characterised thin films corresponded to the first monolayer of aminosilane 
coupling agent grafted onto the surface of the substrates. FTIR spectra were first 
acquired on the aminosilane coated Si and SS wafers (Figure 4.9a and b) in order to 
confirm the presence of the aminosilane thin films. The FTIR spectra of the 
aminosilane coated Si and SS wafers showed similar broad bands in the 870-1150 
cm-1 region attributed to the Si-O-Si stretching vibration and to the S-O stretching 
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vibration of the silane films [310]. The bands in the 1550-1570 and 2800-2960 cm-1 
regions were attributed to the NH2 deformation mode and to the C-H alkyl stretch 
respectively [488]. 
 
 
Figure 4.9. FTIR spectra of aminosilane films on (a): SS wafer and (b): silicon wafer.  
 
The thickness and roughness of the aminosilane films deposited on Si wafers and 
SS materials were then investigated by XRR techniques. The XRR curves 
corresponding to the aminosilane films grafted on Si wafers from 2, 5 and 10 wt% 
aminosilane solutions are shown in Figure 4.10a. The effect of the reaction time was 
also investigated using a 2 wt% aminosilane solution, which reacted for 5, 15 or 30 
min of the Si wafer prior to spin coating (Figure 4.10b). The thickness and roughness 
of aminosilane films are shown in Table 4.2. The thickness of the 2 wt% aminosilane 
films cast on Si wafer was found to be 11 ± 2 Å and remained unaffected by the 
reaction time. One explanation may be that the adsorption of the silane onto the 
wafer surface occurred instantly via the formation of hydrogen bonds between the 
surface hydroxyls groups and silanol groups. The formation of siloxane network and 
covalent metalo-siloxane bonds occurred upon drying as opposed to contact time in 
classic metal conversion processes [489]. The film thickness increased proportionally 
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with the solution concentration [490]. The aminosilane film roughness was found to 
be consistent regardless of the concentration and reaction time, which indicated a 
uniform repartition of the functional groups on the film surface. 
 
Table 4.2. Thickness and roughness of aminosilane films coated on Si wafer as a 
function of the aminosilane concentration and reaction time. 
Silane 
concentration 
(wt%) 
Thickness 
(Å) 
Roughness 
(Å) 
Reaction 
time* (min) 
Thickness 
(Å) 
Roughness 
(Å) 
2 11 ± 2 8 ± 3 5 11 ± 2 8 ± 3 
5 28 ± 2 5 ± 1 15 12 ± 2 6 ± 1 
10 54 ± 5 6 ± 2 30 10 ± 1 5 ± 2 
*Reaction performed with a 2 wt% silane solution 
 
The thickness of the aminosilane layer deposited on SS coated Si wafers from a 2 
wt% solution was successfully characterised as shown in Figure 4.10c. In these 
conditions the thickness of the first monolayer of aminosilane deposited on the SS 
material was 9 ± 2 Å thick with a roughness of 4 ± 1 Å presenting similar results to 
the aminosilane coated Si wafers. However, the characterisation of aminosilane films 
grafted onto the polished SS wafers was unsuccessful due to the loss of signals 
attributed to the rough and rugged surface of the SS wafers.  
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Figure 4.10. XRR curves of the as-prepared aminosilane films from (a): 2, 5 and 10 
wt% solutions and (b): for 5, 15 and 30 min reaction time on Si wafers. (c): XRR 
curves of the aminosilane film on the SS coated Si substrate. 
 
The chemistry and morphology of the interface between the aminosilane 
coupling agent and the SS fibres were investigated by high resolution FTIR mapping 
performed at the AS. The FTIR mapping of the functionalised SS fibres 
corresponding to the integration of 120 measurement points is displayed in Figure 
4.11. Bands observed in the range of 900 to 1700 cm-1 and broad bands in the 900 to 
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1200 cm-1 regions were attributed to the asymmetric vibration of Si-O (Figure 4.11a) 
[491, 492]. Bands in the range of 1000 to 1100 cm-1 were integrated and attributed to 
the formation of Si-O-C linkages [491]. Bands in the region of 1250 to 1281 cm-1 
and bands from the range 1580 to 1650 cm-1 were attributed to the Si-CH2 and C-
NH2 absorption bands, respectively [310]. The FTIR maps, integrated from the 
spectra shown in Figure 4.11a, of the polished interface between the metal fibres and 
the aminosilane coating suggested that the Si-CH2 and C-NH2 (Figure 4.11b and c) 
bonds dominate at the surface of the silane film while the majority of Si-O-C linkage 
formation bonds should be localised at the surface of the metal substrate (Figure 
4.11d). In addition, the match between the optical images and the FTIR mapping was 
found to be very satisfactory given the random structure of the non-woven SS and 
obvious difficulties to polish entirely the surface of the fibres. It is likely that the 
variations of the signals on the edge of the fibres may be due to excessive resin 
present on the surface, hardly distinguishable from the fibres on the optical images. 
Full high resolution FTIR spectra are shown in Appendix Figure A4.1. 
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Figure 4.11. (a): Aminosilane grafted SS substrate FTIR spectra and mappings 
integrated between 1281 - 1250 (vs) cm-1 for Si-CH2 in silanes (b), 1673 - 1561 (m-s) 
cm-1 for C-NH2 absorption band (c) and 1076 - 997 (vs) cm-1 for -(SiO)n (d). The 
insert in (a) provides an indication of the mapped area and of the spectra spatial 
resolution across the surface. 
 
4.1.4 Substrates corrosion resistance in aqueous solutions 
The change in corrosion behaviour of the SS substrates after plasma treatment 
and aminosilane functionalisation was investigated in order to evaluate the 
electrochemical stability of the materials and the impact of the aminosilane layer on 
surface pitting [493]. The corrosion parameters measured from the cyclic potentio-
dynamic polarization curves (Figure 4.12) including the corrosion potential (ECORR) 
and pitting potential (EPIT) are summarised in Table 4.3. The corrosion potential 
ECORR for the SS substrates after undergoing plasma treatment (-38 ± 7 mV, Figure 
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4.12b) was found to be higher than the bare substrates (-70 ± 5 mV, Figure 4.12a) 
indicating that the oxidation of the materials during the plasma treatment formed a 
stable passive film at the surface of the fibres [494]. In addition the ECORR of the 
aminosilane treated substrates was also higher (-26 ± 11 mV, Figure 4.12c) 
suggesting an improvement in the material stability due to the aminosilane layer, 
which acted as a physical barrier to the aqueous environment [323]. The bare SS 
substrates showed signs of pitting corrosion as indicated by the characteristic shape 
of the pitting loops (Figure 4.12). The pitting corrosion resistance of the substrates 
after each treatment and modification remained constant for this system with similar 
EPIT values (Table 4.3), suggesting that the pitting behaviour of the material is related 
to the grade of the SS used as starting material. Furthermore, the silane modification 
did reduce the significance of the metastable pitting events, which were represented 
by less intense dips in the cyclic potentio-dynamic polarization curves between 0 to 
0.7 V (Figure 4.12c) as compared to the plasma treated substrates. The aminosilane 
treatment therefore increased the stability of the SS substrates in aqueous solutions. 
 
Table 4.3 Corrosion parameters of the SS substrates at different stage of 
functionalisation in 3.5 wt% NaCl aqueous solutions. 
Sample ECORR (mV) EPIT (mV) 
Bare SS substrates -70 ± 5 499 ± 20 
Plasma treated SS substrates -38 ± 7 520 ± 14 
Aminosilane coated SS substrates -26 ± 11 540 ± 45 
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Figure 4.12. Potentiodynamic polarization curves of the functionalised SS substrates 
at different stage of fabrication in 3.5 wt% NaCl aqueous solutions. (a): The bare SS 
substrates; (b): the water plasma treated and (c): aminosilane functionalised SS 
substrates. 
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4.1.5 Tubular SS substrates 
The as-received tubular SS substrates consisted of 30 cm long porous tubes with 
an external diameter of 6 mm as seen in Figure 4.13a and b. The walls of the tubes 
were 620 ± 15 µm thick (Figure 4.13c). The shapes of spherical SS particles, 20 to 40 
µm in diameter (Figure 4.13d), were still distinguishable at the surface of the 
structure indicating a partially sintered material. The densification process was 
probably limited during the fabrication of the material in order to form the porous 
structure. The porous tubular material exhibited a narrow pore size distribution as 
seen in Figure 4.14a with an average pore size of 1.9± 0.2 µm. The tubular SS 
substrates were mechanically strong with a self-supporting structure exhibiting a 
maximal flexural stress of 162 ± 15 MPa as seen in Figure 4.14b. The mechanical 
strength of the tubular substrates was found to be similar as compared to the 
mechanical strength reported in the literature for HF and tubular materials with a 
similar average pore size [427, 495, 496]. However, mechanical strength values were 
difficult to compare due to the difference in diameter, porosity and fabrication 
process. 
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Figure 4.13. (a): Optical cross-section and (b): longitudinal images of the tubular SS 
substrates. (c): SEM image of the wall of the tubular substrate and (d): SEM image 
of the surface of the tubular substrate. 
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Figure 4.14. (a): Pore size distribution of the tubular SS substrates. (b): 3-point 
bending stress test of the tubular SS substrates. 
 
The tubular substrates were functionalised following a similar route as the flat-
sheet substrates. However, the efficiency of the aminosilane functionalisation step 
was investigated due to the tubular geometry, greater wall thicknesses and tortuosity 
of the material. In order to assess the penetration depth of the water plasma and 
aminosilane treatment, two series of samples were prepared and characterised by 
EDS analysis (Figure 4.15). The Si element distribution was localised across the 
outer edges of the wall in the case of the non-plasma treated substrates (Figure 4.15c) 
indicating a limited penetration and grafting of the aminosilane agent. On the other 
hand, the plasma treated substrates (Figure 4.15d) presented a uniform distribution of 
the Si element across the wall of the substrate. The plasma and aminosilane 
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functionalisation procedures were therefore considered transferable to the tubular 
geometry and greater wall thicknesses of the substrates. 
 
 
Figure 4.15. EDX analysis of the wall of the tubular substrate functionalized with the 
aminosilane coupling agent. (a) and (b): SEM images of the non-plasma and plasma 
treated functionalized substrates, respectively. (c) and (d): Si element mapping of the 
non-plasma and plasma treated functionalized substrates, respectively. 
 
4.1.6 Summary and Conclusions 
The study of the functionalised substrates showed that a complex interface is 
forming between the SS fibres and the aminosilane coupling agent. The plasma 
treatment promoted the growth of a thin, 28 ± 1 Å, oxide layer at the surface of the 
individual fibres composing the substrates. The first monolayer of aminosilane 
coupling agent was able to covalently bond to the substrate and further condense into 
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a micrometer thick siloxane network exhibiting functional amino groups promoting 
adhesion with the IEX paste. The corrosion and pitting resistance of the substrates 
were increased due to the plasma and aminosilane treatment. In addition, the 
functionalisation strategy was found to be efficient for a variety of substrate structure 
and morphology.  
In order to further improve the stability of the substrates in aqueous 
environments, two alternative strategies could be investigated. The first one would 
be the use of electrically conductive substrate materials with greater corrosion 
resistance properties such as titanium or nickel alloy or belonging to the carbon-class 
materials such as carbon cloth or paper. Secondly, hydrophobic coupling agents or 
mixture of coupling agents could be investigated as well as modified silane films 
with the addition of hydrophobic nanoparticle or inorganic fillers. However, the 
electrically conductivity and porosity of the substrates must be preserved along with 
the compatibility with the IEX materials. 
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4.2 Hollow-fibre substrates  
In the following section, the characterisation and properties of the HF substrates 
fabricated at TECNALIA were presented in detail. The macro-porous SS HFs were 
fabricated by extrusion and sintering of a dope comprised of a bimodal mixture of SS 
powders. The SS particles of different sizes and shapes were mixed in an effort to 
increase the neck formation between the particles and control the densification 
process of the structure during sintering toward high porosity materials. The impact 
of the spinning dope composition and sintering conditions on the final HF 
morphologies, pore sizes, mechanical and electrical properties was systematically 
studied. 
 
4.2.1 Metal powders and polymer binder characterisation 
The studies of the shape, roughness and density of the powders are important 
steps since such characteristics will influence the mechanical properties and porosity 
of the final sintered materials [497]. 
The shape distribution of the metal particles was first investigated by SEM 
(Figure 4.16a, b and c). The SS10 and SS20 particles were found to be spheroidal with 
an aspect ratio of 1.09 ± 0.05 and 1.13 ± 0.1, respectively and exhibited smooth 
surfaces. On the other hand, the shape distribution of the SS44 particles was irregular 
(aspect ratio of 2.17 ± 0.3) and showed greater surface roughness. The particle size 
distribution of the SS powders and blends was measured in DI water and IP to 
evaluate potential aggregation mechanisms. The distributions in both solvents were 
similar, the SS10 powders showed a narrower size distribution as compared to the 
SS20 and SS44 particles which were 40% and 20% wider, respectively. The use of 
water resulted in little or no clumping of the particles as seen in Figure 4.16d, e and 
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f. The information on particle size distributions is shown in Table 4.4 for calculated 
equivalent spherical diameters. The particle size distributions of the SS44 particles 
were found to be almost twice as large as the specifications of the manufacturer with 
90% of the distribution in volume of the particles (d0.9) lies below 72 ± 1.1 µm in 
water. The surface area of the powder samples was measured using BET and the data 
are reported in Table 4.5. The BET surface area of the SS10 and SS20 particles was 
similar (0.034 and 0.036 m2.g-1, respectively). However, the BET surface area of the 
SS44 particles was found to be greater (0.052 m2.g-1), which might be due to the 
textured surface of the SS44 particles. The weight ratio of the SS particle blends can 
therefore be expressed in terms of surface area ratio corresponding to 72:28% and 
92:8% for the SS10:SS20 and SS10:SS44 blends, respectively. Furthermore, the particle 
size distributions of the SS powder blends (Figure 4.17d and e) indicated that the 
particles did not aggregate in the solutions. The SS10 and SS44 powders exhibited 
similar average absolute and relative densities. However, the SS20 powders showed a 
higher relative density due to the wider particle size distribution (Table 4.5). 
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Figure 4.16. SEM images of (a): the 10 µm SS powder, (b): the 20 µm SS powder 
and (c): the 44 µm SS powder. (d), (e) and (f) are their respective size measurements 
in DI water and IP. 
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Figure 4.17. (a): SEM images of the 10/20 µm SS powder blend and (b): the 10/44 
µm SS powder blend. (c) and (d) are the respective size measurements of the powder 
blends in DI water and IP. 
 
During the sintering process, the bonding of the metal particles occurred through 
the formation of sintered neck area between the particles [498]. However, sufficient 
neck formation required the reduction of the surface oxides during the early stages of 
the sintering [498-500]. In order to study the oxidation behaviour of the SS particles 
at high temperature, TGA experiments were performed and consisted of heating a 
small bed of metal particles (10 mg) to 1000°C with a heating rate of 10°C.min-1 in 
air, N2 and N2:H2 (95:5 v/v%) (Figure 4.18a, b and c). These gases were chosen in 
order to mimic the environment of the furnace during the sintering of the green HFs. 
In air and N2 atmospheres, the sensitization temperatures of the SS10 and SS20 were 
found to be 310°C and 500°C, respectively and as high as 650°C for the SS44. The 
TGA curves of the SS44 in air revealed the presence of residual organic contaminants 
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probably resulting from the fabrication process and associated with the slight weight 
loss from 200 to 400°C (Figure 4.18c). 
 
 
Figure 4.18. TGA thermal profiles measured in air, inert and reducing atmosphere of 
(a): 10 µm SS powder, (b): 20 µm SS powder, (c): 44 µm SS powder and (d): PESU 
polymer binder alone. 
 
The weight gains of the three powders were found to occur at higher 
temperatures in reducing N2:H2 atmosphere with sensitization temperatures above 
650°C for the SS10 and SS20 particles and above 750°C for the SS44 particles. The 
finest SS powders (SS10 and SS20) showed the greatest weight gain upon reaching the 
1000°C mark due to the higher surface area to volume ratio of the particles in 
comparison to the larger SS44 particles. The SS20 and SS44 powders were found to be 
more prone to oxidation as compared to the SS10 powder due to their as-received 
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oxidized surface state, which was analysed by EDS analysis. The oxygen content 
was 1.7 and 1.5 ± 0.1 wt% for SS20 and SS44 powders, respectively, and was below 
the detection limit for the SS10 powder. Similarly, the carbon content of the SS20 and 
SS44 powders was found to be higher at 7.4 and 8.5 ± 0.3 wt%, respectively. 
Furthermore, the high carbon content of the SS44 particles could also explain the 
lower weight gain at high temperature. The weight gain was associated to the 
formation and growth of stable surface metal oxide compounds across their surface 
[500, 501]. The weight gain of the particles observed in N2 and N2:H2 atmospheres 
was due to the uptake of nitrogen atoms by the SS materials leading to the formation 
of nitride species [502]. 
The kinetics of oxide formation and growth were shown to be greatly increased 
in air, however the presence of oxygen did not seem to influence the sensitization 
temperature of the different particles. The thermal treatment of the green HF was 
therefore performed in reducing atmosphere in order to prevent oxidation of the 
particles, promote metal-to-metal contact, and form neck area between the metal 
particles [499, 500]. 
The thermal characterisation of the polymer binder is also of particular 
importance for the fabrication of metal HFs since the polymer burn-out should occur 
below the sensitization temperatures of the metal particles in order to avoid any 
reaction and oxidation with the metal particles [430]. In addition, the polymer matrix 
shall be maintained to ensure the structural integrity of the HF during the polymer 
de-binding step. Figure 4.18d shows the thermal decomposition of PESU in air, inert 
(N2) and reducing (N2:H2 5%) atmosphere. The decomposition of PESU occurred 
abruptly at 600°C below the temperature corresponding to the sensitization 
temperature of the SS particles. However, the thermal decomposition of PESU in 
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inert and reducing atmosphere (Figure 4.18d) revealed that up to 35 wt% of organic 
residues remained. The sintered HFs were therefore thoroughly cleaned, first with 
ethanol and distilled water before any characterisation tests. 
 
Table 4.4. Size distribution of stainless steel particles. 
Metal 
particles 
Equivalent spherical diameter 
in DI water (µm) 
Equivalent spherical diameter in IP 
(µm) 
 d0.1 d0.5 d0.9 d0.1 d0.5 d0.9 
SS10 3.1 ± 0.1 5.4 ± 0.1 8.6 ± 0.2 3.3 ± 0.1 6.1 ± 0.1 9.5 ± 0.2 
SS20 2.5 ± 0.1 9.3 ± 0.1 20.2 ± 0.4 2.8 ± 0.1 10.8 ± 0.1 25.3 ± 0.2 
SS44 17.3 ± 0.5 37.3 ± 1 71.9 ± 1.1 18.3 ± 0.1 39.3 ± 0.2 78.3 ± 0.4 
 
Table 4.5. Metal powder properties: surface area, total BET surface area, average 
absolute density and relative density determined versus average bulk density of 316L 
grade SS (8 g.cm-3) 
Metal 
powders 
Average absolute 
density (g.cm-3) 
Relative density 
(%) 
Specific surface area 
(m2.g-1) 
SS10 4.84 39.46 0.034 
SS20 3.17 60.41 0.036 
SS44 4.69 41.42 0.052 
SS10/20 2.45 69.38 - 
SS10/44 2.72 66.15 - 
 
4.2.2 Green HF characterization 
The dopes comprised of SS particles and PESU polymer binder were then 
extruded and formed the green HF material. The SEM images of the green HFs are 
shown in Figure 4.19. The average outer diameter of green HFs made of SS10 
particles was found to be 1.23 ± 0.03 mm and exhibit circular cross-sectional 
morphology with a uniform distribution of SS10 particles within the PESU matrix. 
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The outer diameters of the green SS10/20 and SS10/44 HFs, at 2.24 ± 0.05 and 2.17 ± 
0.45 mm respectively, were found to be larger than the SS10 HFs due to shorter air 
gap resulting in less stretch and elongation stress on the forming HFs [426]. The 
ellipsoidal shape and irregular circularity of the green SS10/20 and SS10/44 HFs were 
attributed to aggregates and clusters of metal particles of different sizes which may 
have formed in the dope during the degas step prior to spinning. The circularity of 
the green HFs could be further improved by increasing the bore flow rate in order to 
break the aggregates in the dope solution. The SEM images reveal the presence of 
macro-voids and finger like structures starting from both sides of the HFs exposed to 
the bore and external coagulation liquid and going forward the inner core of the HFs. 
This structure is more pronounced for the SS10/20 and SS10/44 HFs due to the presence 
of clusters of metal particles inside the continuous PESU phase. 
 
 
Figure 4.19. Cross-sectional SEM images of (a) and (b): the SS10 green HFs; (c) and 
(d): the SS10/20 HFs; (e) and (f): the SS10/44 HFs. 
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As seen in Figure 4.20, the sintered HFs retained their original lumen shapes 
upon thermal treatment. The surfaces of the HFs made of SS10 and SS10/20 particles 
exhibited smooth surfaces whereas the macro-voids present across the wall of the 
green HFs also remained after the thermal treatment. On the other hand, the HFs 
made of SS10/44 particles presented extremely rough surfaces with some of the largest 
particles pointing out of the structure. This geometry may be due to the shear 
displacement of the largest particles across the matrix of small particles during the 
sintering [503]. As opposed to the SS10 and SS10/20 HFs, the cross-sectional SEM 
images of the SS10/44 HFs revealed denser structure. The original macro-voids 
observed in the green HFs were also absent after sintering as expected due to the 
high diffusion rate of the smaller particles, which were able to fill the macro-voids 
during the thermal treatment. The shape of the metal particles present in the SS10 and 
SS10/20 green HFs became indistinguishable when sintered at 1100°C, indicating that 
the sintering process was completed, which was not the case for the SS10/44 HFs 
where the shapes of the particles were still well defined (Figure 4.20f1 and f2). 
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Figure 4.20. Cross-section SEM images of the sintered SS10 HFs for 90 min at 
650°C (a1 and a2) and 1100°C (b1 and b2); sintered SS10/20 HFs for 90 min at 650°C 
(c1 and c2) and 1100°C (d1 and d2); sintered SS10/44 HFs for 90 min at 650°C (e1 
and e2) and 1100°C (f1 and f2). 
 
4.2.3 Sintered HFs characterisation and properties 
The radial shrinkage was measured based on the cross-sectional SEM images and 
the measurement results (%) are shown in Figure 4.21. The sintered HFs exhibited 
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isotropic radial shrinkage strongly dependent on the sintering temperature. A slight 
increase in shrinkage values was noticed for the SS10 and SS10/20 HFs when sintered 
for longer duration (90 min) as shown in Figure 4.21a and b. The radial shrinkage of 
the SS10 HFs remained below 10% up to 900°C, which corresponded to the first 
stage of the sintering process only. On the other hand, the SS10/20 and SS10/44 HFs 
showed greater radial shrinkage (> 15%) across the range of sintering temperatures. 
This effect was particularly noticeable for the SS10/44 HFs due to the difference in 
size and shapes of the metal particles which promoted the densification of the 
structures across the whole range of sintering temperature [432]. 
As observed in cross-sectional SEM images (Figure 4.20a1, c1 and e1), the 
denser structures resulted from the thermal treatment at lower temperature across the 
different HFs and can be explained by the incomplete degradation of the polymer 
during the debinding step. This observation is supported by the EDX chemical 
analysis and SEM images (Figure 4.20 and Figure 4.22), which revealed that the 
debinding step was incomplete at the lowest temperatures (650 and 700°C) and that a 
large amount of carbon remained in the structure. The densification of the structure 
at lower temperature is therefore not sufficient to induce collective sintering of the 
metal particles due to the residual carbon hampering particle-to-particle contacts and 
particle neck formation. This effect may be alleviated by using a different polymer 
binder with a lower decomposition temperature or by prolonging the duration of the 
debinding phase.  
 
  
 
204 
 
Figure 4.21. Radial shrinkage from green to sintered HFs as a function of the 
sintering time and temperature. (a): SS10 HFs, (b): SS10/20 HFs  and (c): SS10/44 HFs. 
(d), (e) and (f) are the electrical resistance of the SS HFs as a function of the 
sintering temperature and time for the SS10, SS10/20 and SS10/44 HFs. 
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Figure 4.22. (a) and (b): Carbon and oxygen elemental analysis of: SS10 HFs; (c) and 
(d): SS10/20 HFs and (e) and (f): SS10/44 HFs. 
 
The mechanical properties of the sintered SS HFs are therefore highly related to 
the dope composition and to the thermal treatment conditions including the sintering 
temperature, duration and atmosphere. The mechanical strength of the SS10 HFs was 
found to be acceptable for handling and testing only when sintered above 900°C 
(Figure 4.23a and b) with a maximal flexural stress of 23.93 ± 1.19 and 17.15 ± 0.85 
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N.mm-2 when sintered for 60 and 90 min respectively. On the other hand, the SS10/20 
and SS10/44 HFs exhibited sufficient mechanical strength right from the lowest 
sintering temperature (650°C) with a value above 37 N.mm-2 when sintered for 60 or 
90 min and values slightly lower for the SS10/20 HFs when sintered for 90 min (< 40 
N.mm-2). In these conditions, the extended sintering time was therefore unable to 
make up for the lower sintering temperature and to achieve a significant degree of 
bonding between the metal particles. The SS10 and SS10/20 HFs exhibit exceptional 
mechanical strength and flexibility when sintered above 1000°C. The maximal 
flexural stress of the SS10 HFs sintered at 1000°C exceeded 200 and 300 N.mm-2 for 
a sintering time of 60 and 90 min, respectively, while the SS10/20 HFs showed values 
twice as high as the SS10. SS10 HFs sintered at 1100°C showed a further mechanical 
strength improvement with values increased by up to 5 and 10 times depending on 
the sintering time (Figure 4.23a and b). However, the SS10/20 HFs sintered at 1100°C 
for 60 or 90 min did not show any significant mechanical strength improvement. 
This lack of improvement indicates that the densification of the structure is at a 
maximum due to the large particles restraining the small particles densification 
[432]. 
The mechanical strength of the SS10/44 HFs sintered at the same temperatures was 
however found to be significantly lower (< 60 N.mm-2) compared to the SS10 and 
SS10/20. Although the densification of the SS10/44 system occurred at lower 
temperatures and reached a maximum sooner, the lack of coalescence between the 
large and the small particles formed a more rigid and denser structure. The difference 
in shape and size between the two SS powders promoted the densification of the 
systems with the small particles filling the gaps between the large particles. 
Therefore, it may be preferential to decrease the size ratio difference between the 
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particles as well as working with uniform spherical particles. The SS10 and SS10/20 
HFs fabricated in this work exhibited similar mechanical performance when compare 
to previous studies available in the literature, however the mechanical properties of 
the SS10/44 were found to be inferior [427, 495, 496]. 
The electrical resistance measurements (Figure 4.21e, f and g) of the HFs 
sintered at temperature lower than 900°C indicated that the densification of the 
structure is not sufficient to create a significantly conductive pathway across the 
inter-particle neck area. The enhanced mechanical strength of the SS10/20 and SS10/44 
HFs at lower temperature can be explained from the increased initial neck growth of 
the smallest particles to the largest particle. The initial neck growth between the 
smallest and largest metal particles is able to form a scaffold maintaining the 
structural integrity of the HFs even at the lowest sintering temperatures. Across all 
the HF samples, the electrical resistance was drastically reduced from 900°C of 
sintering temperature indicating that the neck areas were able to form a continuous 
and conductive scaffold across the HFs [427, 430]. No significant differences were 
however found between the HFs sintered for 60 or 90 min, suggesting that a 
percolation threshold had been reached by that time. 
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Figure 4.23. Maximal flexural stress of the SS HFs as a function of the sintering 
temperature with (a): HFs sintered for 60 min and (b): HFs sintered for 90 min. (c) 
and (d) are the average pore size measurements of the SS HFs as a function of the 
sintering temperature, for 60 and 90 min, respectively. 
 
4.2.3.1 Pore size distribution and water permeance  
The average pore size of the membranes was measured using a capillary flow 
porometer. This technique has the advantage to measure the open pores across 
materials and is particularly suited to micron-ranged pore distributions [504]. The 
average pore size of the sintered HFs is presented in Figure 4.23c and d. The average 
pore size values of the SS10 and SS10/20 HFs sintered at 900°C were found to be very 
similar with an average pore size around 5 µm for a sintering time of 60 min and 
smaller around 3 µm when sintered for 90 min. The same trend was observed for a 
sintering temperature of 1000°C with similar average pore sizes between the SS10 
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and SS10/20 HFs and smaller values when sintered for 90 min (Figure 4.23d). Sintered 
at 1100°C for 60 min the SS10/20 HFs presented larger pore sizes as compared to the 
SS10 HFs. The average pore size of the SS10 HFs sintered at 1100°C for 90 min 
reduced to around 0.5 µm as opposed to the average pore size of 2.4 ± 0.3 µm found 
in the SS10/20 HFs.  
A general aspect of sintering is that as the sintering time and temperature 
increase, the coalescence between the particles is promoted [505]. However, in the 
case of SS10/20 HFs, the maximum density is limited due to the larger particles within 
the system. As opposed to the SS10 HFs the increase in sintering temperature and 
time therefore promoted the creation of larger pores in the SS10/20 HF structure [505]. 
On the other hand, the SS10 HFs could form non-porous materials by intensifying 
further the sintering conditions [428]. The average pore sizes of SS10/44 HFs were 
found to be below 1 µm for sintering temperature ranging from 900 to 1100°C 
without significant effect of the sintering time. The smaller average pore size of the 
SS10/44 HFs was related to the greater size difference between the two series of 
particles, which led to a denser structure with smaller pores [432]. 
Pure water fluxes were measured across a range of pressures varying from 0.2 to 
1 bar. The results are shown in Appendix, Figure A4.2. The flux exhibited a linear 
relationship with respect to the applied pressure. Membrane permeance as a function 
of the sintering temperature and time is shown in Figure 4.24. The SS10/20 HFs 
sintered at 900°C for 90 min exhibited the greatest water permeance among all the 
SS HFs (Figure 4.24a). The SS10/20 HFs permeance was shown to progressively 
diminish with respect to the sintering temperature following the densification process 
trend previously reported. The highest water permeance, corresponding to the SS10 
HFs, was attained at a sintering temperature of 1000°C and for a sintering duration of 
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90 min, likely due to an increased open porosity across the structure. The SS10 HFs 
water permeance drastically diminished at the sintering temperature of 1100°C which 
was therefore considered to be close to the full densification of the material. The 
SS10/44 HFs also presented the lowest permeance due to their denser structures and 
smaller pore size distributions as previously reported (Figure 4.24b).  
 
 
Figure 4.24. Water permeance values of (a): the SS10 and SS10/20 HFs as a function 
of the sintering temperature and time. (b): Pure water fluxes of the SS10/44 HFs as a 
function of the sintering temperature and time. 
 
4.2.3.2 Summary and Conclusions 
Macro-porous SS HF substrates were successfully fabricated by dry-wet spinning 
of a dope comprised of SS metal powders of different sizes and a polymer binder. A 
  
 
211 
systematic study of the effect of the sintering parameters on the starting materials 
and sintered HFs was performed. Both mechanical strength and water permeance of 
the HFs made of different sized SS particle were improved at low (900°C) sintering 
temperature due to the increased neck density offered by the multi-modal particles 
distribution. At sintering temperature higher than 1000ºC, SS particle repacking 
during thermal treatment gave rise to a denser structure with lower water permeance. 
The porous sintered HFs were highly electrically conductive with high mechanical 
strength, which allowed them to be assemble in many module configurations for 
filtration or electro-catalysis applications. 
The characterization of the starting SS particles was an important step in order to 
form porous tuneable structures. However, further improvements toward the 
development of defined hierarchical structures could be achieved with the use of SS 
particles with homogeneous shapes and narrow size distributions. The addition of 
materials pre-treatment steps such as sieving and mild chemical cleaning should be 
considered for future HF fabrications. 
 
4.3 Selemion® and hybrid IEMs characterisation and properties 
In the following sections, the characterisation of the commercial and hybrid 
IEMs will be presented and their properties assessed. 
 
4.3.1 Selemion® IEMs morphology 
The morphology of the surface and cross-section of the Selemion® IEMs were 
studied by SEM (Figure 4.25). The surface images of the Selemion® IEMs revealed a 
dense composite structure with apparent reinforcement fabric embedded in the IEX 
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phase (Figure 4.25a and c). The nominal dry thicknesses were found to be between 
110 and 120 ± 10 µm and were similar for both the cation or anion-exchange type 
IEMs. The IEX material was constituted of a continuous and homogeneous IEX 
material phase as seen across the cross-section SEM images, Figure 4.25b and d. 
 
 
Figure 4.25. (a): SEM surface images of Selemion® CMV, (b): CMV cross-section; 
(c) and (d): Selemion® AMV surface and cross-section, respectively. 
 
4.3.2 Flat-sheet hybrid IEMs morphology 
4.3.2.1 Ion-exchange beads characterisation 
The anion and cation-exchange beads, Amberjet® and Amberlyst®, respectively, 
were used as IEX for the fabrication of the heterogeneous hIEMs due to the similar 
chemical composition as the Selemion® IEMs. As-supplied, the beads presented 
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highly spherical shapes (Figure 4.26a and b) resulting from the suspension 
polymerisation fabrication process of the styrene-divinylbenzene monomers [506].  
 
 
Figure 4.26. (a): SEM images of the as-received Amberjet® and (b): Amberlyst® ion-
exchange resin. (c) and (d) are the SEM images of the Amberjet® and Amberlyst® 
resin after grinding procedure, respectively. 
 
The surface of the Amberlyst® and Amberjet® beads were further investigated at 
high magnification (Figure 4.27). The Amberlyst® beads exhibited a nanoporous 
structure with an average pore size of 47.5 ± 15.4 nm estimated from the SEM 
images (Figure 4.27a and b). The surface of the Amberjet® beads revealed a much 
denser dry material without apparent surface porosity (Figure 4.27c and d). The dry 
Amberlyst® and Amberjet® beads were also analysed by BET method. The BET 
surface area of the dry Amberlyst® beads was 39.44 m2.g-1 and increased to 41.87 
m2.g-1 after the grinding procedure. The BET analysis of the dry Amberjet® beads 
confirmed the SEM analysis and showed a low surface area of 0.37 m2.g-1. The 
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surface area of the grinded Amberjet® beads was however greater at 1.38 m2.g-1, 
which indicated that a large portion of the surface area of the material was comprised 
across the material structure. The pore size distributions of the dry beads were 
determined by the DFT method and presented (Figure 4.28a and b). The average 
pore sizes of the Amberlyst® and Amberjet® beads were 22 ± 0.41 and 3 ± 0.03 nm, 
respectively. In addition, the sizes of the scatterers were investigated using USANS 
measurement on the dry beads (Figure 4.28c and d). The size of the scatterers (Rg) 
was extracted from the Guinier fits of the USANS scattering curves and showed 
scattering features of 39.4 ± 0.4 and 640.1 ± 6.6 nm for the Amberlyst® and 
Amberjet® beads, respectively. The characterisation of the Amberlyst® beads 
revealed a nanoporous materials with features ranging from 20 to 50 nm when dry. 
The Amberjet® beads were however much denser, when dry, with a nanometric pore 
size distribution below 6 nm. The large scattering features were associated with the 
surface defects as seen in Figure 4.27d. 
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Figure 4.27. (a) and (b): High magnification SEM images of the Amberlyst® resin 
and (c) and (d): Amberjet® resin. 
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Figure 4.28. (a) and (b): Pore size distribution of the Amberlyst® and Amberjet® 
beads, respectively, determined by the DFT method. (c) and (d): USANS 
measurement and Guinier fit of the Amberlyst® and Amberjet® beads, respectively. 
 
The bead size distributions were measured swollen in DI water (Figure 4.29a and 
b) and presented an average particle sizes in volume of 307.2 and 718.6 µm for the 
Amberjet® and Amberlyst®, respectively. The grinding procedure produced 
randomly shaped chips of IEX, as seen Figure 4.26c and d, with 90% of the particle 
size distributions below 17.7 and 4.7 µm for the Amberjet® and Amberlyst®, 
respectively (Figure 4.29c and d). The grinding step of the IEX beads into fine 
powders was a critical part of the fabrication process in order to maximise the 
penetration of the particles and provide a continuous conductive and selective path 
for the transport of ions across the porous SS substrates. The size distributions of the 
grinded IEX beads were below the pore size distributions of the woven and non-
woven flat-sheet SS substrates and were therefore satisfactory in order to pore-fill the 
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flat-sheet substrates toward the formation of dense hybrid materials. The IEX size 
distributions were, however, larger than the average pore sizes of both the SS tubular 
and HF substrates. It was not considered an issue as the structures of the tubular and 
HF substrates were mechanically freestanding. A dense IEX layer was therefore cast 
on the outside surface of the tubular and HF substrates. This strategy also gave the 
advantages of clearing the lumen of the tubular and HF substrates, upon coating 
procedure, as well as avoiding excessive swelling of the IEX toward the lumen of the 
substrates.  
The Amberjet® and Amberlyst® beads were stable up to 193 and 218°C, 
respectively, as seen on the TGA curves Figure 4.29c. The IEX beads were fully 
degraded at temperature above 550°C. The first weight loss was associated with 
water and moisture evaporation and was followed by the thermal degradation of the 
functional ion-exchange groups and polymer backbone at higher temperatures [507]. 
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Figure 4.29. Size measurements of ion-exchange resin at the swollen state in DI 
water before and after grinding procedure of: (a) Amberjet®, anion-exchange resin 
and (b): Amberlyst®, cation-exchange resin. (c) TGA curves of the Amberlyst® and 
Amberjet® resins. 
 
4.3.2.2 Heterogeneous flat-sheet hIEMs morphology 
The morphologies of the non-woven and woven-based hIEMs were characterised 
in order to assess the homogeneity of the IEX paste across the SS substrates. The 
  
 
219 
hIEMs were prepared as heterogeneous IEMs where PVC was used as a polymer 
binder for the grinded Amberjet® and Amberlyst® powders. The non-woven and 
woven hCEMs surface and cross-section SEM images are displayed Figures 4.30. 
The SEM images of the non-woven hCEM cross-section revealed a dense and 
homogeneous material with no apparent voids at interface between the 15 µm in 
diameter SS fibres and the IEX paste (Figures 4.30d) [311]. The thickness of the 
non-woven hCEMs was found to be of 280 ± 10 µm, which represented a layer of 
IEX material on top of the non-woven SS substrate of 40 µm. The woven hIEMs 
(Figure 4.30e and f) showed a dense cross-section with visible IEX beads embedded 
within the polymer binder. Localised gaps were visible between the IEX paste and 
the 94 µm in diameter SS fibres, which were attributed to the cutting procedure for 
the cross-section SEM samples preparation and greater fibre diameter. The 
thicknesses of the woven hAEMs and hCEMs were 205 ± 9 and 200 ± 3 µm, 
respectively, which corresponded to a 25 and 20 µm IEX layer on top of the woven 
SS substrates. The surface morphologies of the heterogeneous hIEMs membranes 
(Figure 4.30a, b and c) were similar across the non-woven and woven hIEMs. The 
heterogeneous hIEMs presented defect-free and dense surfaces with rough features 
characteristic to the heterogeneous-type IEMs and were attributed to the IEX 
powders [21]. 
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Figure 4.30. (a): Surface SEM images of the non-woven hCEM, (b): woven hCEM 
and (c): woven hAEM. (d): Cross-section SEM images of the non-woven hCEM, (e): 
woven hCEM and (f): woven hAEM. 
 
4.3.2.3 Homogeneous flat-sheet hIEMs morphology 
The homogeneous hAEMs were prepared from the functionalised anion-
exchange pVBC-PVC powder paste cast across non-woven SS substrates. No visible 
defects were found on the surface of the homogeneous hAEMs as shown in Figure 
4.31a. In this case, the shape of the metal fibres were more prominent at the surface, 
which was consistent with the hAEM preparation technique typically known to lead 
to more homogeneous composite membranes [21]. SEM observation of the cross-
section revealed a dense material with a 260 ± 10 µm thickness (Figure 4.31b). The 
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fabrication of homogeneous hAEMs was conclusive, however, no direct equivalent 
was reasonably achievable for the fabrication of the functionalised cation-exchange 
PVC paste as it involved harsh chemical, which are known to react and corrode 
metal materials [508]. In addition, the casting of a homogeneous paste was also 
suitable for porous substrates exhibiting large pore size distributions such as the 
woven SS substrates and the fabrication method was conclusive as seen Figure 4.31c. 
The direct polymerisation of VBC and DVB monomers across the SS substrates 
was also investigated. The in-situ polymerisation was successful on the SS 
substrates, which were coated with the aminosilane protection layer (Figure 4.31d2). 
However, the reproducibility of the hIEMs prepared by the copolymerisation of VBC 
and DVB monomers was unsatisfactory. The polymerisation reactions were unstable 
due to the high reactivity of the VBC monomers with metal elements such as iron 
[448]. The condensation reaction of the chloromethyl functional groups onto the 
surface of the SS substrates with loss of HCl led to rapid and dramatic oxidation of 
the substrates as seen Figure 4.31d3. In addition, the SS substrates were further 
exposed to highly corrosive chemicals during the quaternisation reaction leading to 
the degradation of the SS materials. The direct polymerisation of VBC and DVB 
monomers was found to be unachievable on most bare metal substrates due to the 
high reactivity of the VBC monomers [509]. However, the direct polymerisation of 
VBC monomers could be more easily and reliability achieved on polymer-coated 
metal materials such as metal substrates coated with PVC based resin [510]. 
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Figure 4.31. (a) and (b): SEM images of surface and cross-section of the 
homogeneous non-woven hAEM prepared from the pVPC-PVC paste, respectively; 
(c) surface SEM image of the woven hAEM prepared from pVPC-PVC paste; and 
(d): photographs of (1): the pristine non-woven SS substrate; (2): successful direct 
VBC polymerisation on functionalised SS substrates and (3): corroded SS materials 
after direct VBC polymerisation on a non-functionalised SS substrate. 
 
4.3.2.4 Selemion® and heterogeneous hIEMs surface chemistry analysis 
The water contact angle measurements of the non-woven and woven hCEMs 
were found to be similar with values of 74° ± 5, which were 22% lower than solely 
PVC cast SS substrates (95°), indicating that the cation-exchange hydrophilic 
particles were present in relatively high concentrations on the hCEM surfaces. The 
apparent surface roughness was therefore due to the presence of the CEX particles 
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across the binding polymer. Similarly, the Selemion® CEM presented a hydrophilic 
surface with a water contact angle value of 55° ± 6. The water contact angle values 
of the hAEMs (85° ± 2) and Selemion® AEMs (67° ± 1) were greater than their 
cation-exchange equivalent revealing the difference in chemistry of the IEXs 
functional groups. 
The surface FTIR spectra of the Selemion® and hIEMs are shown Figure 4.32a 
and b, respectively. The bands characteristic to the sulfonated groups were present 
for the hCEMs and Selemion® CEMs in the 1180-1128 cm-1 region, which 
corresponded to the asymmetric stretch and symmetric stretching of the S=O and –
SO3- groups, respectively [511, 512]. Similarly, the bands in the 1010 to 850 cm-1 
region corresponding to the –N+(CH3)3 groups were present for the hAEMs and 
Selemion® AEMs. In addition, the spectra showed OH characteristic bands in the 
3500 cm-1 region, which may have come from the moisture present in the IEMs. 
Both the Selemion® IEMs and the hIEMs exhibited C=C ring stretching bands in the 
1480 to 1430 cm-1 region corresponding to the functionalised poly(styrene) rings as 
well as bands in the 844 cm-1 and 1254 cm-1 regions corresponding to the C-Cl 
stretching vibrations and C-H rocking of the PVC binder, respectively [445, 477, 
513]. The surface FTIR analysis confirmed the similarity in the chemistry of the 
commercial Selemion® and hybrid IEMs. 
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Figure 4.32. (a): FTIR spectra of the Selemion® IEMs and (b): hIEMs. 
 
High resolution FTIR spectra of the hCEMs displayed in Figure 4.33a showed 
bands in the region of 1000 to 1200 cm-1, region indicative of O=S=O stretching of 
the sulfonic groups [310, 514, 515]. Integration of the band (997 to 1030 cm-1) was 
performed and can be attributed to the in-plane bending vibration of a phenyl ring 
substituted with a sulfonic acid groups. The full high-resolution FTIR spectra are 
given in Appendix Figure A4.1. As seen in the FTIR map in Figure 4.33c and d and 
in the SEM cross-section (Figure 4.30d), the Amberlyst®/PVC IEX paste used to 
fabricate the hCEMs formed a homogeneous and even interface with the SS 
substrates. The map of the sulfonic groups (Figure 4.33d), present across the 
backbone of the IEX, was found primarily on the surface of the SS fibres, suggesting 
a good adhesion of the resin onto the primed aminosilane surface and a 
homogeneous coating of the resin across the metal reinforcement material. 
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Figure 4.33. (a): High resolution FTIR spectra; (b): image of the polished sample 
used for FTIR mapping; (c): optical image of the mapping area and (d): FTIR 
mapping of the non-woven hCEM. 
 
The adhesion of the IEX paste onto the SS substrates was illustrated in Figure 
4.34a, which showed a photograph of hCEMs fabricated with functionalised or non-
functionalised woven SS substrates. The hCEM samples prepared with a non-
functionalised SS substrate showed cracks and delamination of the IEX paste upon 
bending of the hybrid material while no such deformations were observed when 
prepared with a functionalised SS substrates. The functionalised fibres promoted the 
adhesion with the PVC binder and were well embedded into the IEX paste as seen in 
Figure 4.34b [447]. In contrast, the non-functionalised fibres were isolated from the 
IEX paste due to the high surface energy of the SS substrates (Figure 4.34c). 
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Figure 4.34. (a): Photograph of the aminosilane functionalised and non-
functionalised hCEM. (b) and (c): SEM images of the woven SS substrates 
embedded in the aminosilane functionalised and non-functionalised hCEM, 
respectively. 
 
4.3.2.5 Homogeneous hIEMs surface characterisation 
The water contact angle results for the homogeneous hAEM (77°) also confirmed 
the nature of the functionalised IEX phase against the aminosilane functionalised 
(105°) and PVC coated (95°) SS substrates. The high resolution FTIR map integrated 
from the spectra of the pVBC-PVC powder paste Figure 4.35. The CH2-Cl wag of 
benzyl chloride groups coming from the pVBC were integrated from 1226 to 1264 
cm-1 (Figure 4.35a) [182, 445, 454]. The mapping of the homogeneous hAEM 
(Figure 4.35b and c) indicated that the grafting of VBC monomers onto the PVC 
powder was successfully performed. Furthermore, the functional benzyl chloride 
groups did not condense during side reactions with the metal substrates. 
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Figure 4.35. (a): High resolution FTIR spectra of the non-woven homogeneous 
hAEM coated with the pVBC-PVC paste; (b): optical image of the mapping area and 
(c): FTIR mapping. 
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4.3.3 Selemion and hybrid IEMs properties 
4.3.3.1 Hybrid IEMs electrochemical behaviour 
The free corrosion and pitting potential of the hybrid materials in aqueous 
solutions were measured and their values reported Table 4.6. The ECORR values of the 
hAEMs and hCEMs were found to be similar around 30 mV and were significantly 
higher than the bare and functionalised SS substrates due to the improved protection 
offered by the IEX coating. The ECORR values of the hybrid IEMs were on average 
150 and 75% greater as compared to the bare and silane functionalised SS substrates, 
respectively. However, the hIEMs exhibited pitting corrosion behaviour similar to 
the silane functionalised SS substrates (Figure 4.36) due to both water molecules and 
ionic species being able penetrate the IEX coating and reach the interface between 
the silane coating and the metal substrates. In addition, the hAEMs were found to be 
less stable than the hCEMs during the cyclic polarisation experiments (Figure 4.36b) 
due to the positively charged anion-exchange coating, which was preferentially 
permeable to chloride ions (Cl-) and therefore promoted pitting behaviour [516]. 
However, these results indicated that the conductive SS substrates were not 
electrically insulated and were therefore able to act as electrodes as well as 
separation materials. 
 
Table 4.6. Corrosion parameters of the SS substrate at different stage of 
functionalisation in 3.5 wt% NaCl aqueous solutions. 
Sample ECORR (mV) EPIT (mV) 
Hybrid CEM 35 ± 14 528 ± 15 
Hybrid AEM 31 ± 8 729 ± 158 
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Figure 4.36. (a): Potentiodynamic polarisation curves of the hCEMs and (b): the 
hAEMs in 3.5 wt% NaCl aqueous solutions. 
 
4.3.3.2 IEC and water uptake 
The loading of IEX paste across the woven and non-woven SS substrates was 
determined by TGA method (Figure 4.37). The TGA curves presented 3 main areas, 
which corresponded to (1) the thermal degradation of the IEX paste, (2) a thermally 
stable region for the SS substrates and (3) oxidation of the SS substrates in air 
atmosphere at high temperature (> 800°C). The woven hAEMs and hCEMs were 
composed at 39.4 and 43.5 wt% of IEX paste, respectively (Figure 4.37a). The 
loading of IEX paste across the non-woven SS substrates was similar for the hAEMs 
and hCEMs, 57.3 ± 0.2 wt%, which was 32 to 45% higher than across the woven 
substrates (Figure 4.37b). The greater IEX paste loading across the non-woven SS 
substrates was due to the thicker non-woven material as they both exhibited a similar 
porosity. 
The pure water uptake of the hIEMs was measured when converted to the Na+ or 
Cl- form for the hCEMs and hAEMs, respectively. The pure water uptake of the 
woven hIEMs was inferior to the non-woven hIEMs due to lower IEX content. The 
pure water uptake values (Table 4.7) were found to be limited and in the order of 22 
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to 32 wt% for the woven hIEMs and 19 to 28 wt% for the non-woven hIEMs thus 
being in the range of commercial polymeric fibre reinforced IEMs [445, 446, 517]. 
The pure water uptakes of the Selemion® IEMs were measured at 19.65 ± 0.2 and 
18.25 ± 0.7 wt% for the CMV and AMV, respectively. The greater water uptake of 
the hIEMs was the result of the heterogeneity of the IEX paste, which is known to 
form micro-cavities between the IEX and the polymer binder when swollen in 
aqueous solutions [136, 518]. 
The IEC values of the non-woven hIEMs, presented Table 4.7, were 24 to 32% 
superior to the woven hIEMs, which corresponded to the greater amount of IEX cast 
across the non-woven substrates. However, once normalised by the thickness of the 
respective hIEMs, the IEC values were almost identical. The IECs of the woven and 
non-woven hCEMs were larger than the IECs of the hAEMs, which was also related 
to the greater IEC of the starting Amberjet® particles against the Amberlyst® 
particles. IEC values of the hIEMs were twice lower than previously reported values 
for the Selemion® IEMs, 2.4 and 1.9 meq.g-1 for the CMV and AMV, respectively 
[21, 519]. However, the IEC of the hIEMs were in the range of reported values for 
other IEM brands such as the IEMs manufactured by FuMA-Tech GmbH (Germany) 
and Tokuyama-ASTOM (Japan) [21, 151, 197]. 
The high water uptake and IEC values of the hIEMs were therefore sufficient for 
the transport of hydrated ions and charged species. From the IEC values alone, the 
woven hIEMs would be preferential for ED applications due to the thinner hybrid 
material providing less resistance to the transport of ions. 
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Figure 4.37. (a): TGA curves of the hIEMs prepared from non-woven SS substrates 
and (b): hIEMs fabricated with woven SS substrates. 
 
Table 4.7. Properties of the woven and non-woven heterogeneous hIEMs. 
Properties 
Non-woven 
hAEM 
Non-woven 
hCEM 
Woven 
hAEM 
Woven 
hCEM 
Membrane 
thickness 
(µm) 
270 ± 10 280 ± 10 205 ± 9 200 ± 3 
Water uptake 
(wt%) 
26.5 ± 4.2 29.1 ± 3.5 22 ± 3 26.2 ± 2.1 
IEX paste  
(wt%) 
57.3 ± 0.2 57.3 ± 0.2 39.4 43.5 
IEX paste* 
(x102) 
21.2 ± 0.6 20.5 ± 0.6 19.2 ± 0. 7 21.5 ± 0.2 
IEC1 
(meq/g) 
1.206 1.638 0.917 1.112 
IEC1,*  
(x103) 
4.47 ± 0.14 5.85 ± 0.17 4.48 ± 0.16 5.56 ± 0.07 
*Thickness normalised; 1per grams of hybrid material 
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4.3.3.3 Mechanical properties and water permeation 
The mechanical properties of the hybrid and Selemion® IEMs were assessed 
Figure 4.38 and Table 4.8. The hybrid materials exhibited 3 to 5 time greater 
Young’s moduli as compared to the Selemion® IEMs due to the stiffer SS 
reinforcements. The mechanical properties, Young’s modulus and breaking strength, 
of the woven hIEMs were similar to the bare woven SS substrates. On the other 
hand, the mechanical properties of the non-woven hIEMs were greater than the bare 
non-woven SS substrates due to the embedded polymeric phase. Overall, the 
breaking strength of the hybrid material were 4 to 5.5 times greater than the 
commercial Selemion® IEMs highlighting the improved mechanical properties 
offered by the SS reinforcements. 
 
Table 4.8. Mechanical properties of the hybrid and Selemion® IEMs. 
Material Young’s modulus 
(MPa) 
Breaking strength 
(MPa) 
Yield strength 
(MPa) 
Woven hIEM 2216 ± 150 71.9 ± 3.2 44.7 ± 2.6 
Non-woven hIEM 1352 ± 120 51.5 ± 2.7 29.3 ± 1.6 
Selemion® AMV 518 ± 35 16.9 ± 1.2 10.7 ± 0.8 
Selemion® CMV 312 ± 20 13.1 ± 2.1 4.9 ± 1.1 
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Figure 4.38. Tensile strength tests of the hybrid non-woven, woven and Selemion® 
IEMs. 
 
In order to prevent direct water permeation during ED process, the hIEMs must 
be relatively impermeable to water over the operating pressure range of ED process 
[17, 21]. The hydraulic pressure applied to the feed and concentrate solutions was 
similar due to the double head peristaltic pump used and remained constant during 
the experiments. The trans-membrane pressure was therefore considered as being 
close to nil. However, the feed and concentrate inlet pressures were independently 
measured at 50 ± 2 kPa at the greatest flow velocity (9.4 cm-1). The pure water 
permeability tests of the hIEMs were therefore conducted over feed pressures 
ranging from 0 to 400 kPa. The pure water permeances of the non-woven and woven 
hIEMs are shown Figure 4.39a and b. The non-woven hIEMs were found to be 
impermeable to water below 60 kPa as opposed to 80 and 90 kPa for the woven 
hCEM and hAEM, respectively. For both sets of non-woven and woven hIEMs, the 
water permeability pressure threshold was found to be greater than the 50 kPa feed 
and concentrate pressure limit for the three flow velocities applied during ED tests. 
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The hIEMs were therefore considered to be impermeable to water for ED process in 
the conventional flat-sheet module. The hIEMs were, however, found to allow for 
limited water permeation between 60 and 400 kPa of the applied pressure, suggesting 
either deformation of the matrix at these trans-membrane pressures or opening of 
micro-defects across the composite hIEMs. The Selemion® IEMs were found to 
impermeable to water when tested at trans-membrane pressures up 2000 kPa. Above 
2000 kPa, cracks developed across the Selemion® materials leading to irreversible 
loss of selectivity. 
 
 
Figure 4.39. (a): Water permeance values of the non-woven hIEMs and (b): the 
woven hIEMs as a function of the feed pressure. 
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4.3.4 Tubular and HF hIEMs morphology and properties 
In the following section the morphology and properties of the hybrid tubular and 
HF IEMs were presented. 
 
4.3.4.1 Tubular hIEMs 
The surface morphology of the tubular hCEMs and hAEMs are showed Figure 
4.40a and d, respectively. The surface of the tubular hCEMs presented a textured 
surface resulting from the phase inversion process with visible cation-exchange 
particles trapped across the PVC polymer binder. As anticipated, the cross-section 
images Figure 4.40b revealed a 45 ± 5 µm layer of IEX cast on top of the external 
diameter of the tube due to the large size of the cation-exchange particles unable to 
penetrate the porous tubular structure. The PVC binder present in the IEX past was 
able to penetrate deeper into the 620 µm thick wall structure providing enhanced 
interfacial area and bonding strength. The PVC binder penetration depth was 
estimated from the SEM images at 200 ± 20 µm (Figure 4.40c) resulting in the 
surface texture and apparent cation-exchange particles at the surface of the tube. 
However, increasing the volume fraction of polymer binder in the IEX paste was not 
considered in order to avoid a blockage of the pores by the PVC phase impermeable 
to electrolyte solutions. Similarly, the cross-section of the tubular hAEMs revealed a 
69 ± 7 µm layer of IEX materials on the surface of the substrates (Figure 4.40e). The 
surface appeared less textured with few anion-exchange particles visible. The 
penetration depth of the PVC binder was estimated at 100 to 150 µm from the SEM 
images (Figure 4.40f), which was consistent with the larger size distribution of the 
anion-exchange particles limiting the penetration of the PVC into the wall of the 
substrate. 
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Figure 4.40. (a) and (d): Surface SEM images of the tubular hCEM and hAEM, 
respectively. (b) and (c): Cross-sectional SEM images of the tubular hCEM. (e) and 
(f): Cross-sectional SEM images of the tubular hAEM. 
 
The total weight of IEX paste cast across the tubular SS substrates were 
determined by TGA method (Figure 4.41) and corresponded to 3.9 and 2.1 wt% for 
the hAEMs and hCEMs, respectively. The IEC values of the tubular hIEMs reported 
per grams of hybrid material were 8.2x10-2 and 5.9x10-2 meq.g-1 of dry material for 
the tubular hAEMs and hCEMs, respectively. However, a direct comparison of IEC 
values per grams of hybrid materials was difficult due to the large weight ratio 
difference between the tubular SS substrates and the IEX paste. An effective IEC 
was therefore calculated, which represented the absolute IEC value of a hybrid 
material for a given ED experiments. The effective IEC values of the tubular and 
flat-sheet hIEMs for a typical ED experiment are presented Table 4.9. 
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Figure 4.41. TGA analysis of the tubular hIEMs. 
 
Table 4.9. Effective IEC values of the hIEM samples. 
Hybrid material 
Hybrid material 
dimension  
(mm) 
IEC1 
(meq/g) 
Effective IEC 
(x101) 
Non-woven hAEM 40 x 40 1.206 8.60 
Non-woven hCEM 40 x 40 1.638 11.68 
Woven hAEM 40 x 40 0.917 6.39 
Woven hCEM 40 x 40 1.112 7.53 
Tubular hAEM L = 85 dext = 6 0.082 2.38 
Tubular hCEM L = 85 dext = 6 0.059 1.69 
1per grams of hybrid material 
 
4.3.4.2 HF hIEMs 
The porous SS HFs previously developed by dry-wet spinning process were used 
as substrates for the coating of the IEX pastes. The effects of the SS particle size 
distributions and sintering conditions on the final HF morphologies, porosity and 
pore size distributions were studied previously in Section 4.1.3. The SS HFs sintered 
at 1000°C and for 60 min were ultimately chosen as substrates for the fabrication of 
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the HF hIEMs as they presented the best compromise between mechanical strength, 
pore size and porosity. The morphologies of the resulting HF hIEMs were 
characterised by SEM and presented a homogeneous coating of IEX paste at the 
external surface of the HF substrates (Figure 4.42). The cross-section images (Figure 
4.42a and e) showed the lumens of the hybrid HFs free of IEX paste. The coating 
thickness variations were associated with the surface roughness of the HFs 
substrates, which was showed to increase for the SS10/20 and SS10/44 HF substrates as 
compared to the SS10 HF substrates. The HF hAEMs prepared with the SS10 HF 
substrates showed a 15 ± 4 µm thick coating layer, while the thickness the coating 
layers for the SS10/20 and SS10/44 hAEMs were 20 ± 7 µm and 28 ± 6 µm, 
respectively. The coating of IEX paste containing the Amberlyst® powders were 
twice as thick on average due to the smallest IEX particles sizes able to form a more 
compact layer at the surface of the HF substrates (Figure 4.42f, g and h). 
 
 
Figure 4.42. SEM images of the HF hIEMs. The HF supports were sintered at 
1000°C for 60 min. Cross-sectional view of (a) and (b): SS10 hAEM; (c): SS10/20 
hAEM; (d): SS10/44 hAEM. SEM cross-sectional view of (e) and (f): SS10 hCEM; (g): 
SS10/20 hCEM; (h): SS10/44 hCEM. 
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The TGA curves of the hybrid HF materials are presented Figure 4.43 and 
showed similar profiles as the flat-sheet and tubular hIEMs TGA curves. The thermal 
degradation of the IEX paste started at 250°C and was followed by the oxidation of 
the HF substrates above 650°C. The SS10, SS10/20 and SS10/44 HFs hAEMs were 
composed of 2.70, 3.18 and 5.27 wt% of IEX paste, respectively, confirming the 
impact of the HF substrates roughness to the IEX paste loading. The HF hCEMs 
presented 5.30, 8.23 and 9.60 wt% of IEX paste for the SS10, SS10/20 and SS10/44 HFs 
substrates, respectively, showing similar results as the SEM characterisation. The 
loading of IEX paste across HF hIEMs was therefore directly related to the coating 
thickness. 
 
 
Figure 4.43. (a): TGA curves of the HF hAEMs and (b): HF hCEMs. 
 
4.3.5 Summary and Conclusions 
Direct polymerisation of monomers across the SS substrates was proven 
unsuccessful due to the reactivity and corrosive nature of the monomers solution. As 
an alternative to direct polymerisation, the casting of a homogeneous anion-exchange 
paste was successful across both the woven and non-woven SS substrates, leading to 
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dense materials. The development of novel homogenous PVC-based IEX could 
potentially lead to the development of new homogeneous hybrid materials for 
separation applications. 
Heterogeneous flat-sheet hIEMs composed of woven and non-woven SS 
reinforcements exhibiting high water content and IEC were successfully fabricated 
and were therefore chosen in the following of this thesis as a preferential fabrication 
pathway. The size distributions of the IEX beads were found to be a key parameter in 
order to match the pore size distributions of the SS substrates. The flat-sheet SS 
substrates were fully embedded within the IEX paste phase. Although the woven and 
non-woven SS substrates showed a similar porosity, the thinner woven fabric with 
larger openings and greater mechanical strength was preferred. The functionalisation 
of the SS substrates was critical in order to provide adhesion with the IEX paste and 
avoid delamination of the organic IEX phase. Similarly, SS tubular and HF 
substrates were functionalised and their external surface successfully coated with the 
IEX paste. In order to produce IEX particles with smaller dimension able to penetrate 
the tubular and HF structures, ball-milling methods followed by sieving of the 
powders could be further employed. The electrochemical characterisation of the 
hIEMs showed electrically conductive materials able to perform as electrodes for 
electro-catalysis applications and separation materials, as demonstrated in Chapters 5 
and 6. 
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Chapter 5. Microstructure changes and properties of 
ion-exchange materials and membranes in mixed 
solvents 
In the following Chapter, the behaviour and microstructural changes of the 
Selemion® and hIEMs in mixed methanol/water (methanolic) and ethanol/water 
(ethanolic) solutions are assessed and related to their ion-exchange and 
permselectivity properties. The structural changes of the IEXs in methanolic and 
ethanolic solutions were characterised using ultra-and small-angle neutron scattering 
techniques, USANS and SANS, respectively. A variety of physico-chemical 
characterisations were performed to support the USANS/SANS findings. Static 
SANS characterisation was completed with a preliminary SANS dynamic study of 
the influence of the electrical field on the IEXs. And finally, the corrosion and 
electrochemical behaviours of the hIEMs in methanolic and ethanolic solutions were 
presented. 
 
5.1 Properties and microstructure of ion-exchange materials and 
membranes when exposed to mixed solvents 
The USANS/SANS and physico-chemical characterisation of the IEXs in 
methanolic and ethanolic solutions are presented in the following sections. The 
extraction of the IEXs from the Selemion® IEMs were first needed in order to reduce 
multiple scattering effects and anisotropy in the SANS scattering signal, due to the 
micro-heterogeneity of the IEMs and to the strong interfacial artefacts between the 
IEX past and the polymeric reinforcements. Similarly, the fabrication of the hybrid 
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materials was performed using only the IEXs, which were cast across the woven 
functionalised SS substrates. The interface between the IEX functional layer and the 
macro-porous woven SS substrates could also be assessed in the ultra-low-q region 
using the USANS instrument. 
Across the Selemion®, extracted IEX films and hybrid IEXs (hIEXs), a broad 
solvent-dependent peak at the mid-q region was correlated to the microstructural 
properties which are related to the free volume across the ion-exchange domains. 
The USANS/SANS data analyses were focused on the determination of the geometry 
and density of the IEX clusters. SEM and AFM techniques were used to characterise 
the macroscopic features of the materials as revealed by the USANS instrument. 
Furthermore, in order to probe the interfacial interaction between the IEXs and the 
electrolyte solutions, liquid nano-indentation AFM analysis was also performed and 
correlated to the polymer-solution interfacial configuration. 
 
5.1.1 Ion-exchange materials and membranes 
The characterisation of the IEXs and IEMs morphology and chemistry was an 
important first step in order to link the changes induced by the solvent molecules at 
the interface with the solution and across the material microstructure, which were 
revealed by the AFM nano-indentation and neutron scattering study. 
The Selemion® IEMs were previously shown to belong to the class of composite 
micro-heterogeneous IEMs reinforced by a polymeric open mesh fabric with a 
nominal dry thickness between 110 and 120 ± 10 µm (Figure 4.1) [477]. The 
surfaces of the Selemion® IEMs were found to be smooth and homogenous with 
apparent reinforcement fibres (Figure 4.1a and c). Similarly to perfluorosulfonic 
membranes, poly(styrene) based membranes are characterised by a hydrophobic 
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polymer backbone and short side chains containing the functional moieties (Figure 
5.1). This characteristic structure allows for a higher degree of flexibility of the 
polymer backbone and hence promotes the creation of a cluster-type structure [520, 
521]. 
 
 
Figure 5.1. Chemical structure of a cation-exchange sulfonated styrene-
divinylbenzene copolymer with m = 6-8 and n large [477]. 
 
The surfaces of the hIEXs were also found to be textured without apparent fibres 
surfacing. Their thicknesses were 290 ± 20 and 220 ± 12 µm for the hCEX and 
hAEX, respectively, which represented an average 40 to 100 µm top-layer across the 
180 ± 10 µm stainless steel reinforcement. The cross-section imaging (Figure 5.2a 
and b) further revealed an embedded structure in a continuous phase of IEX. On the 
other hand the surface of the extracted IEX films (50 to 80 ± 14 µm in thickness) was 
found to be homogenous, but macro textured, which is typical of a phase inversion 
process resulting from film casting (Figure 5.2c and d) [311]. 
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Figure 5.2. SEM images of (a): hCEX surface, (b): hCEX cross-section. (c): As-cast 
CEX film surface and (d): as-cast CEX film cross-section. 
 
5.1.2 USANS/SANS measurements and evaluations 
The scattering data were acquired on two camera lengths on the SANS 
instruments for the Selemion® IEMs and across the maximum SANS range for the 
hybrid and as-cast IEX films in order to overlap with the low-q data points acquired 
on the USANS instrument. 
Figure 5.3a, b and c show the reduced and raw scattering data set corresponding 
to the Selemion® IEMs, hybrid, and as-cast IEX films, respectively. The evaluation 
of the average micro-pore size and porosity, the overall size distribution, and the 
specific solvent volume fraction uptake of IEX clusters upon exposure to the solvent 
mixtures were performed and correlated to the major macro-properties of the 
materials using the models presented Chapter 3, Section 3.5.3 [469, 522]. 
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The raw 2D data of the Selemion® IEMs show highly anisotropic structures, 
highlighting the interface between the IEXs and the fibrous reinforcing structures 
(Figure 5.3a, inset). The 2D patterns of the as-cast IEX films and hybrid IEMs were, 
however, all of isotropic nature, confirming the uniformity of the IEX materials 
(Figure 5.3b and c, insets). The scattering curves of the Selemion®, hybrid and as-
cast IEX materials show a broad solvent-dependent knee at the mid-q region ≈ 0.06 
Å-1 associated to the ionic regions of the membrane structure. The knee remained 
consistent across the wet or dry hybrid and as-cast IEX films. The change in intensity 
of the flat tails at the high q region (Figure 5.3a, b and c) was related to the solvent 
contribution to the incoherent background scattering (tinct , Equation 3.8) and was 
fitted as the background during the data analysis [459]. For the hIEXs only, the 
combined USANS/SANS curves showed a second and constant peak at the ultra-
low-q region ≈ 1x10-4 Å-1, which was associated to the interface with the micron-
sized steel reinforcement and the IEX (Figure 4.3). The samples transmission and 
incoherent background values for all samples are summarised in Appendix Table 
A5.1. 
 
  
 
246 
 
Figure 5.3. (a): SANS data of the Selemion® CEMs with the inset representing a raw 
isotropic SANS scattering pattern at 8 m sample-to-detector distance; (b) and (c) are 
the combined USANS/SANS data curves of the hCEXs and as-cast CEX films 
respectively with raw SANS isotropic scattering pattern at (b): 8 m  and (c): 20 m 
sample-to-detector distance. (d): Rg values change as a function of the ethanol 
content, (e): volume distribution of scatterers for the dry, water, methanol and 
ethanol swollen hCEXs and (f): volume fraction of solvent in the hCEXs and CEX 
films calculated using the invariant method in aqueous methanolic solution. 
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5.1.3 Proposed structure model for dry and swollen IEMs in pure 
solvents 
The microstructure of the ion-exchange polymers is somewhat similar to that of 
polymer gels and is usually regarded as a polyelectrolyte gel able to swell in three 
dimensions upon solvent absorption [476]. However, unlike uniform polymer gel 
network, styrene-divinylbenzene copolymers exhibit highly heterogeneous 
microstructures due to the higher reaction rate of divinylbenzene, used as a cross-
linking agent, compared to the styrene monomer polymerisation rate [224, 523, 524]. 
Therefore, starting from the initiator molecules, the microstructure exhibits a higher 
degree of cross-linking at the beginning of the polymerisation reaction and a lower 
one towards the end of the reaction [224]. The resulting structure can be represented 
by a styrene-divinylbenzene copolymer network containing dense zones with a high 
cross-linking degree and less cross-linked flexible poly(styrene) chains further away 
from the polymerisation initiation point (Figure 5.4a). 
The surface and mass fractal Porod exponents (Table 5.1 and Table 5.2) also 
emphasised the micro-heterogeneous nature of the IEX. Porod exponents for the dry 
Selemion® IEMs (α < 3) indicate a scattering from mass fractal type 3D structures 
due to the hydrocarbon copolymer network formed during the membrane synthesis 
[224]. Porod exponents for the dry hybrid and the as-cast IEX films were between 3 
and 4, indicating a surface fractal feature of the clusters, which may result from the 
destabilisation of the 3D polymer network during the extraction process and further 
rearrangement in a layer type model (Figure 5.1c and 1d). Porod exponents 
corresponding to the second level of fitting in the ultra-low-q region (USANS data) 
indicate a rough surface fractal feature ( 3.4	<	α	<	3.8 ) attributed to the surface 
roughness of the SS fibres as seen in the SEM and AFM images Figure 4.3. 
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Figure 5.4. Cross-sectional illustration of the morphological changes in the IEMs 
when (a): dry, (b): equilibrated in water, (c): in methanol and (d): in ethanol. 
 
Fitting results, including the radius of gyration Rg and calculated mean diameter 
of the scatterers equilibrated in methanolic and ethanolic solutions are shown in 
Tables 5.1 and 5.2, respectively. When dry, the Rg values of the features are at their 
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maximum (111 to 369 Å) due to the aggregation of dry particles. However, when the 
membranes are exposed to any solvent, Porod exponents shifted between 2 and 3, 
indicating a mass fractal type of scattering [474]. These changes in the Porod slope 
reveal the formation of a 3D network of functional clusters and solvent channels, or 
of interstitial volumes, due to the solvent molecules interaction with the ion-
exchange polymer microstructure. In particular, membranes swollen in pure water 
exhibit Rg values 13 to 39% higher when compared to methanol-swollen membranes 
but 11% lower in average when swollen in ethanol. 
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Table 5.1. Summary of the SANS results in aqueous methanolic solutions. 
Sample Hybrid CEX Film CEX Hybrid AEX Film AEX 
Methanol 
v/v% 
a 
Rg 
(Å) 
Mean 
diameter 
(Å) 
a 
Rg 
(Å) 
Mean 
diameter 
(Å) 
a 
Rg 
(Å) 
Mean 
diameter 
(Å) 
a 
Rg 
(Å) 
Mean 
diameter 
(Å) 
Dry 3.5 230 433 3.2 369 605 3 111 345 3.1 185 406 
0 2.1 163 292 2.7 201 342 2.1 86 248 2.2 126 241 
33 2.2 87 264 2.4 109 345 2.4 60 158 2.1 82 208 
66 2.2 106 262 2.1 126 357 2.3 64 171 2.2 82 212 
100 2.1 117 196 2.5 173 282 2.1 70 201 2.1 85 192 
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Table 5.2. Summary of the SANS results in aqueous ethanolic solutions. 
Sample Hybrid CEX Film CEX Hybrid AEX Film AEX 
Ethanol 
v/v% 
a 
Rg 
(Å) 
Mean 
diameter 
(Å) 
a 
Rg 
(Å) 
Mean 
diameter 
(Å) 
a 
Rg 
(Å) 
Mean 
diameter 
(Å) 
a 
Rg 
(Å) 
Mean 
diameter 
(Å) 
Dry 3.5 230 433 3.2 369 605 3 111 345 3.1 185 406 
0 2.1 163 292 2.7 201 342 2.1 86 248 2.2 96 241 
33 2.3 106 256 2.5 103 241 2.7 101 293 2.3 126 313 
66 2.5 118 255 2.2 112 279 2.4 128 370 2.3 141 309 
100 2.3 155 283 2.8 N/A N/A 2.3 130 N/A 2.2 151 252 
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The volume distributions (Figure 5.3e) of the particle diameters when dry, 
swollen in water, ethanol and methanol reveal a bimodal distribution with a higher 
proportion of small size particles. The volume distribution curves shift toward lower 
values when swollen in methanol but toward higher values when swollen in ethanol 
as compared to the water-swollen materials. In addition, the bimodal distribution is 
less pronounced when dry and water-swollen due to the aggregation of dry particles 
and due to an uniform repartition of water in the open solvent channels, respectively 
[520]. However, when swollen in methanol or ethanol, the bimodal repartition was 
found to be far more pronounced, possibly due to an extended penetration of solvent 
into the microstructure.  
In addition, thickness measurements were performed on the dry and swollen 
materials and can be related, to a certain extent, to the SANS characterisation. 
Thickness measurements and variations are shown in Figure 5.5. The thickness of the 
samples was found to increase by 10 to 13% from 114 ± 3 µm and 112 ± 3 µm at the 
dry state to 123 ± 1 and 129 ± 2 µm when equilibrated in water for the Selemion® 
AEM and CEM membranes, respectively. The variations in thickness between the 
dry and solvent swollen samples emphasised the collapsed state of the membrane 
microstructure when dry. The thickness variations of the Selemion® cation-exchange 
type membranes were found to be more important when swollen in water followed 
by swollen in methanol and less important when swollen in ethanol (Figure 5.5a). On 
the other hand, the variation in thickness of the Selemion® anion-exchange type 
membranes was greater when swollen in methanol and ethanol than in water. The 
variation in thickness of the hAEXs was similar to that of the Selemion® AEMs 
within the experiment errors (Figure 5.5b). The thickness variations of the hCEXs 
were however higher when swollen in methanol and ethanol, which may indicate a 
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greater exposure of the CEX polymer backbone to the solvent due to the larger mesh 
size of the reinforcement as compared to the Selemion® CEMs. 
 
 
Figure 5.5. (a) and (b): Thickness variations of the Selemion® and hIEXs 
respectively. (c) and (d): Thickness measurements of the Selemion® and hIEXs 
equilibrated in aqueous methanolic and ethanolic solutions, respectively. 
 
The volume fraction of solvent inside the membrane structure was estimated 
using the scattering invariant Y, the scattering length densities (SLDs) of pure 
solvents and mixture of solvents were calculated using the density of deuterated 
methanol and heavy water at 25°C (Table 5.3). The total weight of IEX cast across 
the steel reinforcement was determined by TGA analysis and was found to be 32 and 
26 wt% for the hCEX and hAEX, respectively. The weights of IEXs determined by 
  
 
254 
TGA were used to calculate the SLD of the hybrid materials (Table 5.3, Equation 
3.1). 
 
Table 5.3. Samples and solutions density and SLD calculation for USANS/SANS 
data analysis. 
Sample 
Density  
(g.cm-3, 20°C) 
Neutron SLD 
(1010 cm-2) 
Stainless steel 316L 8 7.002 
Anion-exchange materials (AEX) 1.1 1.729 
Cation-exchange materials (CEX) 1.163 1.104 
Hybrid CEX 2.759 2.960 
Hybrid AEX 3.588 2.672 
D2O (H2O) 1.107 (0.998) 6.394 
Ethanol 0.789 -0.345 
D-methanol (methanol) 0.888 (0.791) 5.805 
33 v/v% ethanol/D2O (ethanol/H2O) 1.001 (0.949) 4.05 
66 v/v% ethanol/D2O (ethanol/ H2O) 0.895 (0.877) 2.195 
33 v/v% D-methanol/D2O (methanol/H2O) 1.034 (0.950) 5.312 
66 v/v% D-methanol/D2O (methanol/H2O) 0.961 (0.890) 5.538 
Air ≈ 0 ≈ 0 
 
The invariant results point toward a very low porosity material when dry, with a 
mean porosity below 1% using a difference in SLD between the material and air 
(SLDair ≈ 0) (Figure 5.3f). The invariant values of the volume fraction occupied by 
the pure solvents inside the material structure and microstructure are coherent with 
the Rg and volume distribution variations. The hydrated state of the IEXs 
corresponds to 5 ± 0.4 and 4.6 ± 2.8 v/v% of D2O for the CEX and AEX, 
respectively. The volume fraction of methanol increased in respect to the D2O 
volume fraction which is consistent with lower Rg values representing a contraction 
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of the clusters upon swelling of the outer, less dense polymer chains by methanol. On 
the other hand, the invariant volume fraction occupied by the ethanol is considerably 
lower by up to 70% (Figure 5.6), indicating a preferential partitioning of solvent 
molecules into the highly cross-linked regions of the structure. By drawing a 
comparison with perfluorosulfonic membranes, one explanation might be that 
ethanol is rather apolar and acts as a mild plasticizer. The uptake of ethanol would 
therefore occur deeper into the microstructure of the backbone matrix than water, 
resulting in narrower solvent channels as illustrated in Figure 5.4d [525, 526]. The 
increased Rg values when swollen by ethanol also support this hypothesis (Figure 
5.3d), which suggests that the polymeric backbone material is deforming under the 
action of the solvent. 
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Figure 5.6. (a): Fits of the Guinier-Porod model to the USANS/SANS data of the 
D2O swollen hCEX. (b): volume fraction of solvent in the as-casted AEX and CEX 
films calculated using the invariant method in aqueous ethanolic solution. Volume 
distribution of scatterers for the hCEX (c): in aqueous methanolic solutions and (d): 
in aqueous ethanolic solutions determined by the invariant method. 
 
5.1.4 IEMs swollen in methanolic and ethanolic solutions 
The influence of the organic solvent uptake on the membrane microstructure 
variations was studied for two different mixture compositions. The water contact 
angle values across the Selemion® membranes were 55° ± 6 for the CMV and 67° ± 
1 for the AEM revealing a hydrophilic type material. The pure methanol drop contact 
angle values of the CEM membranes were 11° ± 1 and significantly lower for the 
AEM membranes (< 0° upon impact). On the other hand, contact angle values of 
pure ethanol drops (47° ± 2) were higher for the AEM as compared to the CEM (22° 
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± 4). It may be concluded that the surface of the AEM membranes is more readily 
affected by the nature of the alcohol present in solution. 
In mixed methanolic solutions, the Rg value went through a minimum at 33 v/v% 
methanol before re-increasing toward the Rg values of the fully methanol swollen 
membranes. The observed Rg trend can be explained by a fractionation of the solvent 
molecules into the membrane microstructure [91, 463]. The water molecules are 
preferentially partitioned in an area close to the side chain region containing the 
functional groups and counter-ions due to higher solvation effect of the water 
molecules [37, 527]. On the other hand, the methanol molecules penetrate the 
membrane and occupy the interstitial volume (solvent channels), resulting in an 
increased internal pressure of membranes pushing further away the functional 
regions. The measured Selemion® CEM thickness was found to decrease as the ratio 
of organic solvents increased. As for the Selemion® AEM, a different trend was 
revealed where the thickness increased with the relative concentration of organic 
solvents. The measured thicknesses of the hIEXs in mixed ethanolic solutions 
(Figure 5.5) showed a maximum thickness at 66 v/v% ethanol. The absolute 
thickness variations of the hIEXs and Selemion® IEMs were also in the same order 
of magnitude, suggesting that the reinforcement material itself did not participate in 
the material expansion but rather had a constraining effect on the IEX expansion. 
The invariant solvent volume fraction also revealed an augmentation of the 
solvent content inside the material when swollen in mixed methanolic solutions with 
a maximum at 66 v/v% methanol (Figure 5.3f). At 66 v/v% methanol, due to a 
concentration gradient and in order to reduce the internal pressure, the methanol 
molecules are able to penetrate into the microstructure and swell the backbone 
polymer, resulting in an increase in Rg values [91]. In ethanolic solutions, CEX and 
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AEX were found to behave differently. While the CEX changes in ethanolic 
solutions follow the same trend as in the methanolic solutions, the Rg values of the 
anion-exchange materials increased almost linearly with the ethanol content, which 
indicates a partial dissolution of the material as the ethanol content increases (Figure 
5.3d). The volume fraction of solvent in the AEM structure also followed an opposite 
trend as compared to the solvent volume fraction changes in the cation-exchange 
type membranes (Figure 5.6). The higher volume fraction of solvent inside the 
material microstructure (Figure 5.3f) explains the observed higher methanol 
permeability and loss of ion permselectivity of IEMs operating in methanolic 
solutions [528, 529]. These observations and conclusions were further investigated in 
ED process conditions in the experimental Chapter 6, Section 6.1.2. 
The solvent uptake of the IEMs and IEXs was determined using the difference of 
weight between the dry and the wet membranes (Equation 3.4). The solvent uptake 
of the membranes exposed in methanolic solutions was found to be greater than in 
pure water or methanol as seen in Figure 5.7. In water alone, the solvent content 
might be estimated at around 20 to 24 wt% for the Selemion® and hIEX, 
respectively. The solvent content increased to up to 27 wt% in methanolic solutions 
and decreased toward lower values in pure methanol. In ethanolic solutions, the 
solvent content diminished toward higher values of ethanol. These results suggest 
that the CEX solvent uptake is due mostly to the swelling of the microstructure by 
the solvent molecules resulting from the London-van der Waals interactions [520]. 
However, in the case of AEX, the affinity of quaternary ammonium groups (anion-
exchange groups) to organic solvents is particularly high which led to the observed 
increase in solvent uptake [530]. Unlike Nafion® type membranes, the cluster-type 
structure of the IEMs results from cross-linked hydrocarbon backbone polymer 
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chains with functional ionic groups grafted across short side chains [21, 136]. While 
the swelling of Nafion® membranes is limited by the polymer chain elastic energy, 
the swelling of the hydrocarbon based Selemion® and hIEXs are limited by the 
degree of crosslinking of the IEX and to the nature of the solvent [522]. 
 
 
Figure 5.7. Solvent uptake of (a): Selemion® IEMs, (b): hIEXs and (c): IEX films in 
aqueous methanolic solutions. (d), (e) and (f) are the solvent uptake of the Selemion® 
IEMs, hybrid and as-cast IEX films in aqueous ethanolic solutions, respectively. 
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The electrical conductivities of IEXs and IEMs were measured in methanolic and 
ethanolic solutions using non-contact clip-type device and the results are presented in 
Figure 5.8. The electrical conductivities of hIEXs were found to be greater than both 
those of both the Selemion® IEMs and IEX films in water or in methanolic solutions 
with methanol volume fraction up to 66%. The enhancement in electrical 
conductivity of the hIEXs was most certainly caused by the presence of the 
conductive steel fibres embedded in the polymeric material of high resistivity, which 
results in improved charge dissipation [531, 532]. The electrical conductivities of 
IEXs and IEMs were found to decrease when equilibrated in mixed solvents 
solutions and attained minimum values in pure solvents. The electrical conductivities 
of IEXs and IEMs in methanolic and pure methanol solutions remain high, ranging 
from 90 to 170 µS.cm-1 in pure water to between 20 and 60 µS.cm-1 in pure 
methanol. However, when equilibrated in ethanolic solutions, the electrical 
conductivities of the IEX decreased rapidly from at 33% ethanol content to nearly 
zero, within the sensibility limit of the conductivity-meter, when equilibrated in pure 
ethanol solution. The electrical conductivities of the CEXs were less affected by the 
ethanol content as compared to the AEXs. The electrical conductivities of the AEXs 
decreased by a factor 7.2 ± 2.4 and 14.1 ± 8.5 at 33% and 66% ethanol content, 
respectively (Figure 5.8d). The electrical conductivities of the CEXs decreased only 
by a factor of 2.7 ± 0.8 at 33% ethanol content and 3.1 ± 0.5 at 66% ethanol content 
(Figure 5.8c). In pure methanol solution, the solvent molecules appear to have 
remained in the conductive free volume and are able to maintain a junction between 
the two faces of the materials. The conductivity is therefore affected by both the 
deformation of the clusters and channels and by the reduced ionic mobilities in 
methanol. In pure ethanol, the changes in the material microstructure induced by the 
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swelling of the polymer backbone eventually close the junction between the two 
faces of the membrane, dramatically reducing its conductivity and permselectivity. 
 
 
Figure 5.8. Variations of the IEMs and IEXs conductivity as a function of the 
methanol and ethanol content. (a) and (b): In aqueous methanolic solutions. (c) and 
(d): in aqueous ethanolic solutions. 
 
In order to link the macroscopical changes, including the membrane swelling and 
conductivity variation to the polymer-solvent interfacial energy, in solution AFM 
nano-indentation techniques were employed. Figure 5.9 shows the force-distance 
curves, which represent the force applied to the AFM tip and the indentation depth at 
a nanometer resolution [533, 534]. Figure 5.10 shows the calculated elastic moduli 
values of the IEMs materials [534]. AFM nano-indentation measurements allowed us 
to determine the IEMs micromechanical properties when dry or equilibrated in pure 
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and mixed solvents. The calculation of the elastic moduli and the analysis of the 
force-distance curves revealed that the IEX materials were indeed stiffer when dry 
than swollen in solutions. Specifically, for a set force threshold, the maximum 
indentation depths of the AEXs were found to increase when equilibrated in 
methanol, ethanol and water respectively (Figures 5.9a and 5.10a), suggesting a loss 
of rigidity of the Selemion® IEMs in these solvents. On the other hand, the maximum 
indentation depths for the cation-exchange materials were more important when 
equilibrated in ethanol, methanol and water respectively (Figures 5.9b and 5.10a) 
revealing the difference in chemistry of the IEXs functional moieties. The fact that 
both membranes are the softest in water, which is the strongest dipole of the solvents 
studied, suggested that the solvation of the polymers forming the IEMs was limited 
to the short chains bearing the functional groups and counter-ions. In non-aqueous 
solutions, the increased stiffness of the materials seems to result from the swelling of 
the hydrophobic matrix due to the solvent polarity and due to the increased 
electrostatic interactions between the functional groups and the counter-ions. 
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Figure 5.9. AFM force-distance curves of the Selemion® IEMs. (a) and (b): AEM 
and CEM dry and equilibrated in pure solvents, respectively. (c) and (d): AEM and 
CEM equilibrated in mixed solvents solutions, respectively. 
 
In mixed aqueous methanolic and ethanolic solutions, the trends were however 
found to be inverted (Figures 5.9c, 5.10b and c) and the mixtures presented a more 
pronounced effect on the CEM (Figures 5.9d, 5.10b and c). This trend could be due 
to competitive interactions between water, alcohol molecules and the polymers 
forming the IEMs. The force-distance curves of the IEMs equilibrated in methanolic 
and ethanolic solutions also shifted towards the curves corresponding to the dry 
materials showing the increased stiffness of the IEXs possibly due to the local 
polymer reorganisation presenting less surface polar moieties, which also explained 
the loss of membrane conductivity. 
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Figure 5.10. Elastic moduli determination of the Selemion® IEMs in (a): pure 
solvents, (b): aqueous methanolic solutions and (c): aqueous ethanolic solutions 
determined by AFM nanoindentation techniques. 
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5.1.5 Summary and Conclusions 
The USANS and SANS analysis of the IEXs and hIEXs supported by the 
physico-chemical characterisation and AFM force measurements led to a 
comprehensive understanding of the mechanisms leading to the non-aqueous solvent 
uptake in IEXs and IEMs. The SANS studies revealed that the selective fractionation 
of the solvent molecules into the microstructure of the material leads to narrower 
solvent channels and disconnected functional clusters while AFM nano-indentation 
demonstrated the reorganisation of the IEX at the polymer-solution interface in 
methanolic and ethanolic solutions.  
Electro-membrane processes in high volume fraction of organic solvents using 
current IEM architecture and materials are therefore limited due to contraction of the 
free volume across the material microstructure and to the diminution of the 
functional surface area at the IEX-solvent interface. The interface between the 
mechanical reinforcement and the IEX was found to be critical to form a specific and 
stable platform for the IEX while providing lasting mechanical stability to the IEMs. 
The development of advanced microstructured interfaces between the IEX and the 
reinforcing materials, where the IEX cluster densities and chemical stabilities are 
custom-designed to specific chemistries and surface energies, have the potential to 
lead to novel IEM architectures with enhanced performance for mixed organic 
solvents reclamation. 
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5.2 Real-time analysis of structural changes in ion-exchange 
membranes during electro-dialysis experiments 
A specially made SANS cell was designed in order to acquire SANS 
measurements of the IEMs during ED process. The aim of the experiment was to 
investigate the effect of the electrical field on the structure of the ionic clusters 
during in-situ ED, which govern the ionic transport properties of the IEMs [136]. 
 
5.2.1 In-situ electro-dialysis test 
The SANS cell used for in-situ ED tests is described Figure 3.9, Chapter 3. The 
applied potential across the two electrodes was set at 0.5, 1 or 1.5 V in electro-
diffusion regime and 0 V in pure diffusion regime. Brand new IEMs were 
equilibrated in the ED cell containing the electrolyte solution (0.01 M NaCl, in D2O) 
24 h before the experiments. The SANS spectra were recorded during the ED 
experiment, which lasted 40 min. The results were, however, preliminary as such 
dynamic experiments required extended beamtime on the SANS instrument for 
advanced beam alignment and calibration. The data were collected at medium-q with 
a sample-to-detector distance of 14 m. The limited q-range allowed for the analysis 
of the scattering curves in the Guinier and Porod regions. However, due to the 
dynamic nature of the tests and low acquisition time, limited information were 
obtained at high and low-q range. 
Preliminary analysis revealed that in pure diffusion regime, U = 0 V, the SANS 
spectra were found to be consistent across the duration of experiment (Figure 5.11a). 
However, for an applied potential of U = 0.5 V, clear variations of free volume and 
Guinier knees appeared for the cation-exchange materials at q ~ 0.01 Å-1 suggesting 
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consequent reshaping of the ionic clusters across the membrane material due to the 
electrical field or electro-migration of ions under the experimental conditions. No 
further variations were noticed during the following experiments at U = 1 and 1.5 V 
which reveal that the structural changes induced at U = 0.5 V were persistent. 
 
 
Figure 5.11. (a): Reduced SANS spectra of the Selemion® CEM during ED tests in 
0.01 M NaCl and D2O. Data were measured for 40 min and post-binned with 10 min 
intervals. (b): Porod exponents as a function of the ED time for U= 0.5 V.  
 
The Porod exponents, α, were extracted from the Guinier-Porod fitting of the 
scattering curves as seen in Figure 5.11b. At 0 V, α = 1.93 ± 0.3 and was constant 
across the 40 min of experiment indicating a scattering most likely from Gaussian 
polymer chains randomly orientated [474]. The Porod exponent increased in a linear 
fashion from 1.93 ± 0.3 to 2.54 ± 0.4 after 30 min of ED experiment at 0.5 V and 
further increased to 2.61 ± 0.4 during the remaining 10 min of experiment. A Porod 
exponent 2 < α < 3 refers to scattering from mass fractal structure such as polymer 
branched systems and networks [459]. The Porod exponents did not show any further 
variations at 1 or 1.5 V. The Rg values were, however, constant at 127.3 ± 0.29 Å, 
which was related to the effect of the IEM swelling and electrolyte solution. The 
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slight variations in the SANS spectra were attributed to the reactor fluctuations 
during the experiment [468]. 
 
5.2.2 Conclusions and future work 
The data acquired during SANS dynamic experiments showed promising 
information on the dynamic behaviour of the IEMs during ED. However at this 
stage, it is still unclear if the changes in Porod exponent are permanent or only 
dependent on the electrical field. However, the Porod exponents determined without 
applied current were found to be similar as the one determined during the static 
characterisation presented in Section 5.1.2, Table 5.1 and 5.2. Electrical stress and 
relaxation cycles could be further performed using a similar protocol. The 
characterisation of the changes of the ionic clusters under the electrical field could 
lead to the development of smart responding or sensing IEM materials with the 
inclusion of electrically conductive nanoparticles such as metallic ones. Further work 
may however be required in order to correlate solution parameters such as solvent 
and ionic composition or ionic strength, to the microstructure variations of the IEMs. 
This aspect is however critical since it may allow for the design of advanced IEM 
materials where free volume, charge density or surface energy are predetermined by 
the permselectivity of the solvents and ions at fixed electro-diffusion conditions. 
In the next section, the electrochemical behaviour of the hIEMs were assessed in 
mixed alcoholic solutions in order to determine the extent of the solvent penetration 
across the hIEM structures and its effect on the metal/IEX interface stability. 
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5.3 Stainless steel substrates and hybrid IEMs corrosion and 
electrochemical behaviour in methanolic and ethanolic 
solutions 
The electrochemical properties and corrosion resistance of the SS substrates and 
hIEMs were investigated in 0.05 wt% NaCl methanolic and ethanolic solutions. The 
corrosion potential (ECORR) of the samples equilibration in the mixed alcohol/water 
solutions was recorded (Figure 5.1) and cyclic potentio-dynamic polarisation scans 
were performed in order to determine the pitting potential (EPIT) of the materials as a 
function of the alcohol content (Figure 5.2). ECORR is used in conjunction with the 
potential-pH diagram to determine the passivity of a metal in an environment. 
Specifically, ECORR values represent the open circuit potentials and give an indication 
of the potentials at the metal/solution interfaces [535, 536]. ECORR and EPIT were 
therefore characteristic of the stability of passive films in the environment. 
 
5.3.1 SS substrates corrosion behaviour in methanolic and ethanolic 
solutions 
In pure aqueous solutions, the bare, plasma, silane-functionalised SS substrates 
and hIEMs exhibited a behaviour previously described in Chapter 4. The ECORR of 
the SS substrate subsequently decreased after each treatment (Figure 5.12). 
Compared to the bare SS substrates, the ECORR values of the plasma and silane-
functionalised SS substrates decreased by 30.25% and 10.75%, respectively 
indicating an enhanced surface stability of the functionalised SS substrates. The final 
hAEM or hCEM were 87.25% and 98.25% more stable in the 0.05 wt% aqueous 
NaCl solution as compared to the bare SS substrates. In methanolic solutions, the 
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ECORR values of the bare and plasma-treated SS substrates decreased as a function of 
the methanol content (Figure 5.12a), which was related to the hindered growth of the 
passivation layer by the methanol molecules [537, 538]. In ethanolic solutions, the 
ECORR values of the bare and plasma-treated SS substrates reached a minimum at 
33% ethanol content and further increased in 66% and pure ethanol solutions (Figure 
5.12b). The passivation of the bare and plasma-treated SS substrates therefore 
increased at high ethanol content due to lower solution conductivity and charge 
transfer at the metal/solution interface [539]. However, ECORR values of the silane-
functionalised SS substrates increased by 26.10% and 13.65% in 33% and 66% 
methanolic solutions, respectively, and decreased in pure methanol solutions by 
40.16%. The ECORR variations of the silane-functionalised SS substrates in 
methanolic solutions indicated that the water and methanol molecules were able to 
penetrate the silane layer and reach more easily the interface with the metal due to 
the hydrophobic properties of the silane layer as measured in Chapter 4, Section 4.13 
[310]. Similarly, in ethanolic solutions, the ECORR values of the silane-functionalised 
SS substrates increased as a function of the ethanol content as seen in Figure 5.12b as 
a result of the greater penetration of the solvent molecules at the SS/silane layer 
interface. 
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Figure 5.12. Corrosion potential (ECORR) of the SS substrates at different stages of 
fabrication and hIEMs in (a): 0.05 wt% NaCl aqueous methanolic and (b): 0.05 wt% 
NaCl aqueous ethanolic solutions. 
 
The passive films formed in methanolic solutions led to localised pitting 
corrosion as indicated by the pitting behaviour of the samples (Figure 5.13). The EPIT 
of the bare, plasma and silane-functionalised substrates slightly decreased in 33% 
and 66% methanolic solutions with a maximum decrease in pure methanol. In pure 
methanol, EPIT values the bare, plasma and silane-functionalised SS substrates were 
70.26%, 52.18% and 36.26% lower, respectively, as compared to the EPIT values in 
pure water, which indicated a greater susceptibility to pitting (Figure 5.13a). The EPIT 
values diminution in ethanolic solutions was less pronounced as seen in Figure 
5.13b. In pure ethanol, the EPIT values of the bare, plasma and silane-functionalised 
SS substrates were only 25.76%, 16.17% and 10.37% lower, respectively, due to the 
lower conductivity of the solutions and ionic species. 
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Figure 5.13. Pitting potential (EPIT) of the SS substrates at different stages of 
fabrication and hIEMs (a): in 0.05 wt% NaCl aqueous methanolic and (b): in 0.05 
wt% NaCl aqueous ethanolic solutions. 
 
5.3.2 Electrochemical behaviour of the hIEMs in methanolic and 
ethanolic solutions 
 
The ECORR values of the hIEMs were significantly lower by one order of 
magnitude as compared to the bare and modified SS substrates in both methanolic 
and ethanolic solutions (Figure 5.12a and b). The ECORR values of the hCEMs 
remained unaffected up to 33% methanol content and decreased from 0.070 mV to 
0.027 and 0.044 mV at 66% and 100% methanol content, respectively, representing 
the penetration of the methanol molecules in the non-conductive volume of hCEM 
structure. On the other hand, the ECORR of the hAEMs steadily increased from 0.051 
mV in water to 0.073 mV in pure methanol solutions, which was attributed to the 
swelling of the functional domains across the hAEM structure. In ethanolic solutions, 
similar ECORR variations were observed (Figure 5.12b). The increase in ECORR values 
of the hAEMs as a function of the ethanol content was more pronounced from 0.051 
mV in water to 0.160 mV in pure ethanol due to the increased penetration of the 
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ethanol molecules in the structure. The ECORR values of the hCEMs decreased in 33% 
and 66% ethanolic solutions by 54.90% and reached a maximum in pure ethanol 
solution. These results showed once again the plasticiser effect of the ethanol 
molecules on the non conductive regions across the CEX materials and the affinity of 
the ionic domains of the AEX materials towards protic solvents [540]. 
The hIEMs presented pitting corrosion behaviour with EPIT values 1.5 times 
higher than the functionalised SS substrates in water (Figure 5.13). The EPIT of the 
hAEMs and hCEMs decreased by 33.81% and 29.36% from pure water to 33% 
methanol solutions and only slightly decreased in 66% and pure methanol solutions 
(Figure 5.13a). Similarly, the EPIT variations of the hAEMs and hCEMs in ethanolic 
solutions showed a decrease of 26.68 ± 1.80% on average, at 33% and 66% ethanol 
content. However, the EPIT difference in pure water and in pure ethanol was only 
14.46% for the hAEMs and 13.37% for the hCEMs due to the loss of ionic 
conductivity of the IEX in pure ethanol solutions. 
 
5.3.3 Summary and Discussion 
The corrosion resistance of the bare and modified SS substrates were affected in 
multiple ways by the composition of the electrolyte solutions. The plasma and silane-
functionalised SS substrates showed an increased corrosion resistance in methanolic 
solution and in ethanolic solutions, up to 33% of ethanol content, due to the growth 
of a passivation layer. At high ethanol volume fraction, the passive oxide layer was 
found to be less stable and the pitting tendency of the SS materials was more 
pronounced in pure methanol and ethanol solutions. The hIEMs remained overall 
less affected by the alcoholic solutions but the alcohol molecules were able to 
penetrate deeper into the structure affecting the potential of the metal surface. The 
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hAEMs and hCEMs were showed to behave differently in regard to the affinity and 
polarity of the IEX.  
In light of the results presented in this section, the hIEMs would be able to 
perform at high alcohol volume fraction but the performance in pure methanol and 
ethanol would be limited by the conductivity of both the electrolyte solutions and 
conductivity of the IEXs. 
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5.4 Conclusions and Summary 
The properties of IEMs and IEXs in mixed solvents were assessed using 
advanced SANS and classical physico-chemical characterisation techniques. The 
solvent molecules were found to penetrate the microstructure of the IEXs affecting 
both the functional and non-functional areas of the material, which led to a decrease 
in the IEX conductivity and permselectivity. The surface of the IEX was also 
affected by the solvent molecules, which induced a rigidification of the non-
functional polymeric structure at the interface with the solution. The CEX and AEX 
were found to behave differently in mixed solvents due to the different affinity of the 
functional groups toward the solvent molecules. The functional clusters of the AEX 
were more prone to swelling as compared to the preferential swelling of the non-
functional domains across the CEX. 
In promising dynamic SANS experiments, the microstructure of IEMs exposed 
for the first time to an electrical field seemed to progressively shift toward a stable 
and functional polymeric network. Future work should be performed in this 
direction. 
The electrochemical characterisation of the hIEMs showed that the hybrid 
materials were less stable in methanolic and ethanolic solutions as compared to 
aqueous solutions due to the increased penetration of the solvent molecules at the 
interface between the SS substrate and the IEX paste. 
In light of the novel SANS and physico-chemical characterisation results of the 
IEX in mixed solvents presented in this Chapter, new research directions could be 
explored for future hybrid material development. The direct grafting of ion-exchange 
moieties or short functional polymeric chains on nanoporous inorganic substrates 
would reduce the swelling of the non-functional domains by the apolar solvent. The 
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ionic permselectivity would therefore be preserved without changing the chemistry 
of the ion-exchange functional groups. Diverse fabrication strategies could be 
employed such as plasma grafting of pre-functionalised styrene monomers or direct 
homo-polymerisation of dual-functionalised monomers from the vinylbenzyl 
functional monomer class. 
In addition, the development of a novel class of hybrid IEMs based on natural or 
synthetic inorganic ion-exchangers could be considered. Inorganic ion-exchangers 
such as layered titanium or zirconium are particularly promising for ion-exchange 
applications due to their high ion-exchange capacity, stability in organic solvents and 
harsh conditions [115]. However, the major challenges in manufacturing dense 
inorganic IEMs remain the immobilisation of the inorganic particles onto adequate 
supports as well as non-selective transport arising at the interface between each 
inorganic ion-exchanger. The development of IEMs based on inorganic ion-
exchanger would therefore require the elaboration of specific functionalised supports 
with impermeable and stable coordination agent linking individually each inorganic 
ion-exchanger. 
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Chapter 6. Electro-diffusion experiments 
In this Chapter, the effect of an electrically conductive reinforcement on the 
transport of ionic species during ED process was studied. The flat-sheet IEMs were 
first tested for the desalination of aqueous, methanolic and ethanolic NaCl or CuSO4 
solutions and benchmarked against the commercial Selemion® IEMs. Then, the 
tubular hIEMs were mounted into a tubular ED set-up for the desalination of NaCl or 
CuSO4 aqueous solutions and acted as both electrodes and separation materials. In 
the last sections, two novel ED process designs were investigated. 
The first novel system was comprised of a pair of hIEMs connected to an 
external DC power supply to form a mixed capacitive-ED process, while the second 
ED process design was aimed at tackling specifically the limitations of ED process 
for the desalination of heavy metal ion streams. 
 
6.1 Electro-dialysis with Selemion® and hybrid IEMs 
The flat-sheet and tubular hIEMs were tested for the desalination of model salt 
solutions on a conventional ED module and on tubular hybrid membrane reactors 
(HMRs), respectively. The desalination performance of the flat-sheet hIEMs was 
benchmarked against the Selemion® IEMs in aqueous, methanolic and ethanolic 
solutions. Two sets of flat-sheet hIEMs were investigated, including hIEMs 
comprised of non-woven and woven flat-sheet SS substrates. 
 
6.1.1 ED with hybrid flat-sheet membranes in aqueous solutions 
The non-woven and woven hIEMs were successfully used for the desalination of 
model 0.1 M aqueous NaCl salt solutions. Figure 6.1a shows the NaCl ionic fluxes as 
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a function of the current density in water. The ionic fluxes increased linearly with the 
current density indicating that the ionic fluxes were related to the salt transfer kinetic 
alone without significant current leakage across the ED module. The desalination 
performance of the non-woven hIEMs was found to be superior by 6.8 to 22.8% as 
compared to the woven hIEMs across the range of current densities, which was due 
to the higher IEC of the non-woven hIEMs. The combined IEC value of the pair of 
woven hIEMs was on average 40.16% lower than the combined IEC of the pair of 
non-woven hIEMs. The thickness-normalised desalination fluxes presented in Figure 
6.1b showed that the woven hIEMs offered superior performance by up to 13.7% as 
compared to the non-woven hIEMs. The use of IEX with greater IEC for the 
fabrication of the woven hIEMs could therefore significantly improve the 
desalination performance of the woven hIEMs by offering more ion-exchange 
capability and less resistance to the transfer of ionic species [128]. 
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Figure 6.1. (a): NaCl ionic fluxes in aqueous solutions as a function of the current 
density for the non-woven and woven hIEMs. (b): Thickness-normalised ionic fluxes 
of the non-woven and woven hIEMs. (c): NaCl ionic fluxes across the Selemion® 
and woven hIEMs as a function of the current density in aqueous solutions. 
 
The overall desalination capacity of the woven hIEMs, which was related to the 
individual salt transfer across the IEX material, was however found to be 3.5 and 3 
times lower at low and mid current densities, at 3.1 and 6.2 mA.cm-2, respectively, 
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and 2.6 times lower at the highest current density (9.4 mA.cm-2) when benchmarked 
against the commercial Selemion® IEMs (Figure 6.1c). These results reflected the 
limitations of the hIEMs due to the lower IEC of the heterogeneous IEX as compared 
to the micro-heterogeneous IEX composing the Selemion® IEMs. The salt fluxes of 
the hIEMs were limited by the heterogeneity of the hybrid material and lower IEC 
values, which induced a strong concentration polarisation effect at the surface of the 
hIEMs. 
In order to improve the desalination performance of the hIEMs, a number of 
process parameters could be adjusted such as working at high fluid velocity in order 
to promote turbulence and increase the mass transport of the ionic species from the 
bulk solution to the hIEM surfaces [17]. Similarly, the hIEMs could be used for the 
desalination of low conductivity solutions in which the polarisation concentration 
effect would be less pronounced [311]. Furthermore, due to the electrical 
conductivity of the SS substrates, an electrical potential could be applied across the 
hybrid materials in order to affect the transfer of ionic species across boundary layer 
at the surface of the hIEMs. The concept of charged hIEMs for capacitive ED 
process was further investigated later in Section 3 of this Chapter. 
 
6.1.2 ED in methanolic and ethanolic solutions 
The performance of the woven hybrid and Selemion® IEMs was assessed for the 
desalination of NaCl model salt solutions in aqueous methanolic and ethanolic 
environments. Figure 6.2a and b show the ionic fluxes across the hybrid and 
Selemion® IEMs in 33% (v/v) methanolic and ethanolic solutions, respectively. The 
performance gap between the Selemion® IEMs and hIEMs became relatively smaller 
in 33% methanolic and ethanolic solutions as compared to in pure aqueous solutions. 
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Compared to the Selemion® IEMs, the desalination performance of the hIEMs in 
33% methanolic solutions were only 20, 5 and 7% lower at 3.1, 6.2 and 9.4 mA.cm-2, 
respectively. In 33% ethanolic solutions, the desalination performance of the hIEMs 
remained on average 20 ± 5% lower across the range of current density. 
 
 
Figure 6.2. NaCl ionic fluxes across the Selemion® and woven hIEMs as a function 
of the current density in (a) and (b): 33% aqueous methanolic and ethanolic 
solutions, respectively. (c) and (d): NaCl desalination fluxes in 66% aqueous 
methanolic and ethanolic solutions, respectively. 
 
However, at high volume fraction of alcohol (66% v/v), the desalination 
performance of the hIEMs exceeded the performance of the Selemion® IEMs (Figure 
6.2c and d). In 66% methanolic solutions, the desalination performance of the hIEMs 
were 44% higher at 3.1 mA.cm-2, 25 and 27% higher at 6.2 and 9.4 mA.cm-2, 
respectively. In 66% ethanolic solutions, the desalination performance of the hIEMs 
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was 22 and 29% higher at the low, mid and high current densities, respectively. 
Across the alcohol/water mixtures, the hybrid and Selemion® IEMs were 
successfully used for the desalination of the NaCl streams. The ionic fluxes increased 
proportionally to the current densities indicating that ED process and the IEXs were 
suitable for applications in mixed alcohol/water solutions. 
The dielectric constants of methanol and ethanol are relatively close (32.63 and 
24.35, respectively) compared to the dielectric constant of water (78.36). The ionic 
species, Na+ and Cl- were therefore less mobile as the volume fraction of alcohol 
increased in solution. The decrease of ionic mobility in mixed aqueous/alcoholic 
solution was taken into account for the determination of the ionic fluxes. The 
calculations were performed using calibration curves specific to a given alcoholic 
solution as seen in Table 3.5 and in Appendix A3.2. The ionic fluxes were lower in 
33% ethanolic solutions by 32 ± 5% on average as compared to in 33% methanolic 
solutions partially due the low conductivity of the ethanolic solutions. However, the 
ionic fluxes were found to be greater when working in alcohol/water solutions and 
particularly at 33% alcohol volume fraction as compared to aqueous solutions. The 
ionic fluxes of the Selemion® IEMs were 2.3 ± 0.2 and 1.6 ± 0.3 times higher in 33% 
methanolic and ethanolic solutions, respectively, and decreased at higher alcohol 
volume fraction. Similarly, the desalination fluxes of the hIEMs were found to 
drastically increase by 3.9 ± 0.7 to 13.7 ± 1.5 times in both 33 and 66% 
alcohol/water solutions. As discussed in Chapter 5, the transfer of ionic species 
across IEX in mixed solvents is highly dependent on the changes induced by the 
solvent molecules on the material macro and microstructure [540]. As an example, 
Nafion® membranes were found to be highly permeable to methanol and ethanol 
molecules leading to the expansion of the membrane structure and increased ionic 
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fluxes [92]. The solvent uptake of Nafion® materials was found to be more than 
twice higher in methanol and ethanol compared to in water but was also related to 
the nature, concentration and temperature of the ionic solutions [92, 541]. The 
permeability of 0.01 M NaCl solutions across Nafion® membranes was previously 
found to increase by a factor 12 from an aqueous to a 75% v/v methanolic solutions 
[542]. 
In order to investigate the alcohol permeability across the IEMs, which may be 
related to the ionic flux increased in mixed solutions, the amount of alcohol in the 
diluate and concentrate compartment was measured by FTIR measurements. The 
variations of alcohol content as a function of the ED time are reported in Figure 6.3. 
Both concentrate and diluate compartments were initially fed with the same stock 
solution of 0.1 M NaCl methanolic or ethanolic mixtures in order to avoid any strong 
osmosis phenomena. The alcohol variations in the diluate and concentrate 
compartments were significantly lower for the Selemion® IEMs as compared to the 
hIEMs but remained at the same order of magnitude due to the similar chemical 
composition of the IEX. At 33% volume fraction of methanol, the alcohol variations 
were associated to both electro-osmosis phenomena, which caused alcohol transfer 
through the solvation shell of ionic species, and to the swelling of the IEX [31]. 
However, due to the tight micro-heterogeneous structure of the Selemion® IEMs, the 
alcohol leakages remained limited to the ionic cluster and solvent channels. The 
heterogeneous structure of the hIEMs led to the greater methanol and ethanol 
leakages across the functional ionic clusters as well as through the interfacial area 
between the IEX beads and polymer binder [541]. In ethanolic solution, the 
Selemion® and hybrid IEMs exhibited different behaviours. The ethanol molecules 
were shown to act as a mild plasticiser for the IEX materials and particularly for the 
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Selemion® IEMs, which resulted in constriction of the solvent channels and to a loss 
of permselectivity [540]. The ethanol content variation in the diluate and concentrate 
streams were found to be extremely limited below 0.9% and 0.6% in both 33% and 
66% ethanolic solutions for the Selemion® IEMs (Figure 6.3c and d). In 33% 
ethanolic solutions, the solvent leakage across the hIEMs was the most significant 
probably due to a volume increase of the interfacial area between the IEX beads and 
the polymer binder. In 66% methanolic and ethanolic solutions, the solvent leakage 
across both Selemion® and hybrid IEMs were below 1% or below 1.2%, respectively 
(Figure 6.3b and d). The lower solvent leakage was attributed to the change in 
microstructure of the IEX. The swelling of the IEX was shown to increase at high 
alcohol volume fraction content but also had a counter-acting effect and densified the 
structure, which in this case revealed to be beneficial to prevent solvent and ionic 
species leakage through non-selective channels [540]. 
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Figure 6.3. Alcohol content variation across the feed and concentrate compartments; 
(a) and (b): in 33 and 66% aqueous methanolic solutions, respectively and (c) and 
(d): in 33 and 66% aqueous ethanolic solutions, respectively. ED tests were 
performed at 9.4 mA.cm-2. 
 
The removal of Cu2+ ions from 0.1 M CuSO4 solutions was also investigated. 
Cu2+ ions are a good representative of heavy metal ions widely found in mining 
tailing effluents or electroplating wastewater [543]. In addition, organic solvents 
such as acetone, isopropanol and less expensive methanol can be found in the 
wastewater of metal plating industry due to surface cleaning procedures [544]. The 
desalination of CuSO4 solutions was also performed in aqueous and 33% methanolic 
solutions due to the relatively high solubility of CuSO4 salts in alcohol solutions and 
particularly in methanol [545, 546]. The ionic fluxes across the Selemion® or hybrid 
IEMs as a function of the current density are presented in Figure 6.4. In water, the 
ionic fluxes of CuSO4 solutions exhibited a similar trend to the fluxes of NaCl 
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solutions. The CuSO4 ionic fluxes increased linearly as a function of the current 
density and were on average 12 ± 6% higher across the Selemion® IEMs as 
compared to across the hIEMs in water. In 33% methanolic solutions, the ionic 
fluxes were 25 ± 9% higher across the hIEMs (Figure 6.4b), which was associated 
partly to the greater methanol solution leakage across the hIEMs as seen in Figure 
6.4c. The variation in methanol content across the hIEMs was as high as 2.62 ± 
0.31% as opposed to a maximum of 0.48 ± 0.17% across the Selemion® IEMs. The 
ionic fluxes across the Selemion® IEMs were 19 ± 7 and 42 ± 5% lower as compared 
to the NaCl ionic fluxes in water or 33% methanolic solutions, respectively, which 
was attributed to lower transport rate of Cu2+ and SO42- ions across the Selemion® 
IEX due to the greater electrostatic interactions with the functional ion-exchange 
groups [519, 547, 548]. However, the CuSO4 ionic fluxes across the hIEMs were 
greater than the NaCl ionic fluxes in water by a factor 1.6 to 2.7 and lower in 33% 
methanolic solutions by up to 27%. The ionic fluxes were found to be dependent on 
the ion size and charge as well as on the dielectric constant of the environment. 
The ionic fluxes across the Selemion® IEMs were consistent with previous ED 
studies in aqueous and mixed media using homogeneous and micro-heterogeneous 
commercial IEMs [31, 549]. However, the flux discrepancies across the hIEMs when 
compared to reported behaviour of heterogeneous IEMs indicated that other transfer 
phenomena arose across the hIEMs structures [91, 529, 541], which were attributed 
to the electrically conductive SS substrates [311]. 
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Figure 6.4. CuSO4 ionic fluxes in (a): water and (b): 33% aqueous methanolic 
solution as a function of the current density for the Selemion® and woven hIEMs. 
(c): methanol content variation in the feed and concentrate compartments when fed 
by 33% aqueous methanolic solutions at i = 9.4 mA.cm-2. 
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The current-voltage curves of the ED stack for the experiments using 0.1 M NaCl 
aqueous solutions are presented in Figure 6.5a. The potential applied across the ED 
electrode plates was slightly lower at 3.1 mA.cm-2 for the hIEMs (5 ± 1), as 
compared to that with the Selemion® IEMs (6.8 ± 0.3). However, at the mid and high 
current densities, 6.2 and 9.4 mA.cm-2, respectively, the ED stack potential was 
lower for the Selemion® IEMs. In spite of the electrically conductive SS substrates 
composing of the hIEMs, the required voltage applied across the ED stack was not 
reduced as expected in water, which was attributed to both the greater thickness of 
the hIEMs and lower IEC. The resistance of the hybrid materials increased the 
overall resistance of the ED stack especially as compared to the high conductivity of 
the aqueous NaCl solutions. 
The applied voltages across the ED stack as a function of the methanol or ethanol 
volume fraction for a current density of 9.4 mA.cm-2 are shown Figure 6.5b and c, 
respectively. In this case, the applied voltages were lower when using the hIEMs by 
15 and 20% in 33 and 66% methanolic solutions, respectively, as compared to the 
Selemion® IEMs (Figure 6.5b). Similarly, the applied voltages were 31 and 13% 
lower in 33 and 66% ethanolic solutions, respectively (Figure 6.5c). The hIEMs were 
found to reduce the ED stack resistance in high resistivity environments due to the 
electrical conductivity properties of the hybrid materials allowing charge transport 
and dissipation mechanisms [532]. In order to determine the full extent of the effect 
and potential of the electrically conductive hIEMs for ED applications, specific tests 
using the hIEMs were carried out and the results will be discussed later in this 
Chapter. 
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Figure 6.5. (a): Applied ED stack voltages as a function of the current density for the 
Selemion® and woven hIEMs in NaCl aqueous solutions. (b) and (c) are the applied 
ED stack voltages as a function of the methanol and ethanol content, respectively, at 
i = 9.4 mA.cm-2. 
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6.2 Electro-diffusion across tubular hybrid IEMs 
In the following sections, the concept of tubular hIEMs acting as both electrode 
and separation material was investigated. First, one tubular hCEM was mounted in a 
tubular hybrid membrane reactor (HMR) in which the wall of the HMR acted as 
anode and the tubular hCEM as cathode (Figure 3.8a). In a second design, a pair of 
tubular hIEMs was enclosed in a tubular HMR (Figure 3.8b). Each tubular hIEM 
acted as cathode or anode providing the driving force required for ionic transport. In 
both configurations, the tubular hIEMs were 85 mm long and the external diameter 
of the bare tubular SS substrates was 6 mm as described Chapter 3, Section 6.5.1. 
 
6.2.1 Single tubular hIEM desalination 
Solutions of aqueous 0.1 M NaCl or 0.01 M CuSO4 were flown in both the 
diluate (inside of the tubular hCEM) and concentrate compartments. The 
conductivity and pH variations across the tubular HMR were recorded at three 
current densities and for a maximum voltage of 1.5 V in order to limit water 
oxidation and reduction reactions. The conductivity changes in the diluate 
compartment at 1.25 and 3.75 mA.cm-2 are presented in Figure 6.6a and b, 
respectively. 
The conductivity decreased from 10.56 to 7.40 mS at 1.25 mA.cm-2 and from 
10.58 to 6.79 mS at 3.75 mA.cm-2, which represented a gain in conductivity decrease 
of 20% at higher current density. The pH variations (Figure 6.6c and d) showed an 
initial decrease of 0.5 units in the diluate compartment after 5 min of experiment at 
1.25 mA.cm-2 and remained constant, between 5.2 to 5.3 units, through the 
experiment. Similarly, the pH at 3.75 mA.cm-2 in the diluate compartment showed 
variations but remained constant around 5.7 as seen in Figure 6.6d. The conductivity 
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variations in the diluate compartment were therefore attributed to the transport of 
Na+ across the tubular hCEM. The pH values remained stable in the concentrate 
compartment up to 22 and 5 min of experiment at 1.25 and 3.75 mA.cm-2, 
respectively, before increasing drastically by 3 units. The pH increase was attributed 
to the water reduction at the negatively charged wall of the tubular HMR. 
 
 
Figure 6.6. Conductivity variations in the diluate stream at (a): 1.25 and (b): 3.75 
mA.cm-2 for a 0.1 M NaCl aqueous solutions. (c) and (d) are the pH variations in the 
diluate and concentrate streams at 1.25 and 3.75 mA.cm-2, respectively. 
 
Figure 6.7 shows the voltage values applied across the tubular HMR as a function 
of the ED time. At 1.25 mA.cm-2, the potential reached a steady value after 25 to 30 
min of experiment, while at 3.75 mA.cm-2 the potential stabilised during the first 5 
min of experiment. The stabilisation time of the potential corresponded to the start of 
  
 
292 
the pH increase in the concentrate compartment and was caused by the charge 
imbalance between the diluate and concentrate compartment. At 6.25 mA.cm-2, the 
highest current density, the voltage reached 1.5 V after 15 min of experiment, at 
which point the experiment was stopped in order to avoid potential damages to the 
tubular hCEM. 
 
 
Figure 6.7. Applied potential across the tubular HMR as a function of the experiment 
time and current density. 
 
The transfer of Cu2+ across the tubular hCEM from a 0.01 M CuSO4 aqueous 
solution was also investigated at a current density of 1.25 mA.cm-2. The conductivity 
in the diluate compartment decreased from 2.43 to 2.09 across the duration of the 
experiment as seen in Figure 6.8a and was associated with a slight pH decrease of 
0.18 units (Figure 6.8b). The voltage across the tubular HMR reached 0.9 V after 1 
min of experiment and fluctuated around 0.9 V with a maximum of 1 V throughout 
the duration of the experiment (Figure 6.8c). 
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Figure 6.8. (a): Conductivity variation in the diluate compartment for 0.01 M CuSO4 
aqueous solution. (b): pH variations in the diluate and concentrate compartments. (c): 
Applied potential across the tubular HMR as a function of the experiment time. 
 
The Na+ and Cu2+ cations were able to migrate through the tubular hCEM due to 
the electrical field generated across the tubular hCEM and the wall of the tubular 
HMR. Similarly to the ED experiments with the flat-sheet IEMs, the Na+ fluxes were 
86% higher than the Cu2+ fluxes at 1.25 mA.cm-2 due to the lower transport rate of 
  
 
294 
the Cu2+ ions across the IEX materials. However, in this experiment, the ionic fluxes 
were not directly comparable with the ionic fluxes across the flat-sheet IEMs due to 
the removal of only one species of ion from the feed solution. The removal of both 
anions and cations from NaCl and CuSO4 aqueous solutions was studied in the 
following section using a pair of tubular hIEMs mounted in the second tubular HMR. 
 
6.2.2 Desalination with tubular hIEMs 
A pair of tubular hIEMs was mounted inside the second configuration of tubular 
HMR (Figure 3.8b) and was comprised of a tubular hCEM and hAEM. In a first set 
of experiments, both the diluate and concentrate compartments were fed with a 0.1 
M NaCl aqueous solution. All the experiments were performed at current density of 
3.75 mA.cm-2. During the first 20 min of the experiment the tubular hCEM was 
connected to the positive side of the DC power supply and the tubular hAEM to the 
negative side, in order to study the transport kinetic of ions from the inside of the 
tubular hIEMs (diluate) to the outside (concentrate) compartment as illustrated in 
Figure 6.9a. For the remaining 20 min of the experiment, the polarity at the 
electrodes was reversed in order to assess the performance of the tubular hIEMs in 
concentration mode (Figure 6.9b). 
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Figure 6.9. Schematic representation of ionic transfer across the tubular hIEMs 
during (a): the desalination phase and (b): the concentration phase of the process. 
 
The conductivity variations in the diluate and concentrate compartments are 
presented in Figure 6.10a and b, respectively. The conductivity in the diluate 
compartment decreased during the first 20 min from 10.52 to 9.65 mS and increased 
in the concentrate compartment from 10.50 to 10.81 mS. The electro-migration of 
both anions and cations from the diluate to the concentrate compartment was proven 
successful in this configuration, however, the conductivity in the concentrate 
compartment did not increase as much as expected in regard to the conductivity 
decrease in the diluate compartment. This was attributed to the interfacial properties 
of the tubular hIEMs able to capture and store ions across the SS structure in a 
similar fashion as capacitive deionisation operations [550]. The capture of ions could 
be directly observed at the beginning of the experiment and resulted in a lag time of 
3 min during which the conductivity slightly decreased in the concentrate 
compartment (Figure 6.10b). 
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The tubular hIEM morphologies were described in Chapter 4, Section 4.2.1 and 
consisted of a 45 ± 5 µm layer of IEX cast on the external surface of tubular SS 
substrates. Two mechanisms were proposed to explain the conductivity variations in 
the diluate and concentrate compartments. The first mechanism is the electro-
adsorption of the ionic species at the interface between the electrolyte solution and 
the polarised structure of the tubular SS substrates, the so-called electrical double 
layer [122]. The second mechanism was associated with the transfer of counter-ions 
across the IEX layer due to the difference of potential between the two tubular 
hIEMs. 
The conductivity in the diluate and concentrate compartments followed an 
opposite trend as the polarity of the electrodes was reversed. The conductivity in the 
diluate compartment increased as the conductivity in the concentrate compartment 
decreased due to electro-migration of ions across the tubular hIEMs and capacitive 
desorption of the captured ionic species (Figure 6.9b). The conductivity in the diluate 
compartment increased up to 10.98 mS, which was larger than the initial 
conductivity value of 10.52 mS, confirmed the electro-migration of ionic species 
across the tubular hIEMs. The ionic transfer kinetics were found to be 17.2 ± 1.5% 
higher when the polarity was reversed due to the lower resistance path of the ions 
across the IEX. The pH of both compartments fluctuated around their original value 
but remained stable during the experiment, indicating that limited water oxidation 
and reduction reactions occurred at the charged tubular hIEMs (Figure 6.10c). 
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Figure 6.10. Conductivity variation (a): in the diluate and (b): in the concentrate 
compartments for 0.1 M NaCl aqueous solution. (c): pH variations in the diluate and 
concentrate compartments. 
 
A second set of experiments was performed where the diluate compartment was 
fed with a 0.5 M NaCl aqueous solution and the concentrate with a 0.1 M NaCl 
aqueous solution. During the first 20 min of the experiment, the conductivity 
decreased by 1.23 mS from 53.13 to 51.90 mS and increased in the concentrate 
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compartment by 0.79 mS from 10.87 to 11.59 mS as seen in Figure 6.11a and b, 
respectively. The differences in conductivity gain and loss between the concentrate 
and diluate compartments illustrated once again the ionic capacitive properties of the 
tubular hIEMs. No lag effect was detected due to the high NaCl concentration in the 
diluate streams, which saturated the ionic capacitance of SS substrates. The final 
conductivity in the diluate compartment, 53.30 mS, also exceeded the initial 
conductivity value of 53.13 mS. However, the final conductivity value in the diluate 
compartment was lower as compared to the experiments where all compartments 
were fed with the same NaCl concentration solutions. In this configuration, the 
fluxes were 5% lower due to the greater osmotic pressure of the diluate compartment 
adding resistance to the mass transport of ions [128]. 
 
 
Figure 6.11. (a): Conductivity variation in the diluate compartment for 0.5 M NaCl 
aqueous solution. (b): Conductivity variation in the concentrate compartment for 0.1 
M NaCl aqueous solution. 
 
The desalination of a stream composed of a 0.01 M CuSO4 aqueous solution was 
also investigated in the dual tubular hIEMs configuration. The polarity was reversed 
after 60 min of experiment. The ionic fluxes were twice lower than the NaCl fluxes. 
A lag time of 8.5 min was observed in the diluate compartment, which was more 
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than twice the lag time observed in 0.1 M NaCl solutions (Figure 6.11a). However, 
the CuSO4 ionic fluxes were 27.3 ± 4.1% higher during the first part of the 
experiment as compared to when the polarity was reversed (Figure 6.11a and b). 
These results indicated that the transport of Cu2+ and SO42- ions were favoured across 
the charged SS substrates. The pH in the diluate and concentrate compartments 
remained stable throughout the duration of the experiment as seen in Figure 6.11c, 
which showed that only the transport of ionic species occurred across the charged 
tubular hIEMs. 
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Figure 6.12. Conductivity variations (a): in the diluate and (b): in the concentrate 
compartments for 0.01 M CuSO4 aqueous solution. (c): pH variations in the diluate 
and concentrate compartments. 
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6.2.3 Summary and Discussion 
The transfer of ions across the tubular hIEMs was achieved in two module 
configurations. A difference of potential was applied across the IEX using the 
electrically conductive walls of the tubular hCEM and HMR or both walls of the 
tubular hIEMs providing the driving force for the ions electro-migration. In the dual 
tubular hIEMs configuration, the process could be set in a desalination or 
concentration mode by reversing the polarity at the tubular hIEMs. The uptake of 
ions was also observed across the porous SS tubular structure due to the polarisation 
of the materials without significant electrode reactions and pH variations. The 
desalination rates across the tubular hIEMs were one-fold higher for a maximum 
applied voltage of 1 V as compared to the flat-sheet IEMs and applied voltages 
between 5 to 7 V. In addition, the hybrid materials acting as both electrode and 
separation material eliminated the need for an electrode streams at low potential.  
The future step in this process development would be to mount more than one 
pair of tubular hIEMs connected in parallel inside a tubular module. The advantages 
over flat-sheet ED include a more compact and efficient design without electrode 
waste generation, which could be further reduced by using conductive HF supports. 
In addition, a novel concentric design comprised of a tubular and HF hIEMs could be 
envisioned. 
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6.3 Capacitive electro-dialysis 
In the following sections, the characterisation and performance of a novel 
capacitive ED set-up were investigated. A pair of hIEMs was used to form the 
diluate compartment in a conventional flat-sheet ED set-up. A small portion of the 
SS substrates composing the hybrid materials was exposed and wired to an external 
and additional DC power supply in order to polarise the hIEMs and tune the 
electrical field across the diluate compartment. The impact of the additional potential 
applied across the pair of hIEMs on the diffusion of ionic species was studied in 
aqueous environment. 
 
6.3.1 Electronic circuit characterisation 
The equivalent circuit composed of the ED electrode plates and the pair of 
hIEMs was first characterised by monitoring the voltage and current change across 
each of the equivalent circuit elements as represented in Figure 6.13. 
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Figure 6.13. Schematic of the ED cell configuration fitted with the pair of hybrid 
IEMs connected to a second DC power source. 
 
The potential and current across the pair of hIEMs (U2) were recorded as a 
function of the applied potential across the ED electrode plates (U1) and the number 
of spacer separating the hIEMs (Figure 6.14a and b). In this configuration, the 
electrode rinse, diluate and concentrate streams were composed of 0.1 M of Na2SO4 
and NaCl, respectively. From 0 to 5 V of applied potential across the ED stack, a 
very low potential was detected between the pair of hIEMs, below 200 mV, without 
actual measurable current flowing between the two hIEMs (Figure 6.14b), indicating 
that the applied potential was not strong enough to overcome the resistance of the ED 
stack composed of the hIEMs and the ionic solutions. The measured ED stack 
intensity as a function of the ED stack potential showed similar results below 5 V, 
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with extremely low current below 4 mA (Figure 6.14c). However, above 5 V of 
applied potential across the ED electrode plates, the measured current across the ED 
stack steadily rose as a function of the applied potential. The current increased from 
6 mA at 5 V to 100 mA at 20 V (Figure 6.14c), which indicated a transport of 
electrons across the hIEMs by the electro-migration of ionic species following 
classical ED process mechanisms [17]. At the same time, the potential across the pair 
of hIEMs increased linearly with the applied potential across the ED stack (Figure 
6.14a). The free or residual potential across the pair of hIEMs increased from 1.13 V 
to 6.89 V when 5 and 20 V were applied across the ED electrode plates, respectively. 
Simultaneously, a residual electrical current was measured across the pair of hIEMs 
above 5 V, as seen in Figure 6.14b. This current may be due to the polarization of the 
interface between the metal and the ion exchange resin. However, further 
investigations would be required to assess its nature and routes to potentially harvest 
it towards energy recovery during ED, or else ways to use it as an online monitoring 
sensor of the membrane stability. 
The impact of the distance between the two hIEMs was investigated using one or 
two spacers placed between the hIEMs, which represented a distance between the 
hIEMs of 6.5 mm or 13 mm, respectively. As expected, the recorded potential and 
intensity of the pair of hIEMs was lower by 10 to 26% and by 4 to 17%, respectively, 
when either one or two spacers was inserted in the module (Figure 6.14a and b). The 
recorded intensity across the ED stack was found to be similar up to 10 V when 
either 1 or 2 spacers were placed between the hIEMs. At 15 and 20 V however the 
loss of intensity due to the presence of the second spacer became more significant 
with an intensity decrease of 30 and 38%, respectively (Figure 6.14c), highlighting 
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the increased circuit resistance due to the greater volume of solution in the diluate 
compartment. 
 
Figure 6.14. (a): Measured potential and (b): measured intensity across the hIEMs 
compartment as a function of the applied potential across the ED stack. (c): ED stack 
intensity as a function of the ED stack potential. 
 
The charge and discharge behaviours of the hIEMs were then investigated by 
applying a constant potential of 10 V across the ED stack and a potential across the 
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hIEMs pair ranging from - 4 to + 6 V (Figure 6.15). The residual potential across the 
hIEMs pair was measured at 1.68 V for an ED stack potential of 10 V (Figure 6.14a). 
Between 0 to 2V of initial voltage across the pair of hIEMs, the discharge was found 
to occur almost instantaneously, within 200 ms (Figure 6.15a). On the other hand, 
the hIEMs charged between - 4 to - 2 V and between + 4 to + 6 V (Figure 6.15b and 
c) exhibited a capacitor-type discharge behaviour. The hIEMs charged at - 4 or - 2 V 
were discharged at 95% of the initial voltage after the 1000 s mark, at which point 
the voltage drop across the hIEMs remained constant (Figure 6.15b). The total 
discharge of the hIEMs charged between + 4 and + 6 V occurred between 330 and 
565 s (Figure 6.15c).  
 
 
Figure 6.15. Potential across the pair of hybrid IEMs as a function of the discharge 
time between (a): 0 and 2V; (b): - 4 and - 2 V and (c): 4 and 6 V. (d): Recorded 
intensity across the pair of hybrid IEMs as a function of the discharge time. 
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The voltage discharge across the pair of hIEMs took place in two phases. The 
first occurred abruptly and was followed by exponential-type decay similar to 
capacitor components as seen in Figure 6.16. When the pair of hIEMs was initially 
charged between - 4 and - 2 V, the exponential decay occurred between - 1.655 V 
and - 1.706 V (Figure 6.16a). The exponential decay started at 0.479 V when the pair 
of hIEMs was charged positively at 4 and 5 V and started at 0.852 V when charged at 
6 V (Figure 6.16b). However, the electrical current measured across the hIEMs 
reached a null value as soon as the voltage applied across the circuit was cancelled 
on the power supply as seen in Figure 6.15d. These results indicated that, as 
expected, the pair of hIEMs was able to maintain an electrical potential difference 
rather than an electrical current. The difference in discharging behaviour due to the 
polarity of the hIEMs pair can be related to the IEX phase accumulating ions and 
potentially electrons at the interface with the metal mesh, when a negative potential 
was applied across the membranes, as opposed to a positive potential which later 
allowed the ions to migrate through the hybrid materials as illustrated in Figure 6.17. 
 
 
Figure 6.16. Exponential voltage discharge across the pair of hybrid IEMs between 
(a): -4 and -2 V and (b): 4 and 6 V. 
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Figure 6.17. Schematic representation of the ED cell and corresponding ion flux and 
diffusion pathways when either (a): positive or (b): negative potential is applied 
across the pair of hybrid IEMs. 
 
As a demonstration of the current collector capacity of the membranes, the 
passive potential across the hIEMs pair generated enough power to switch on a 1.8 V 
red LED, which was connected in parallel to the pair of hIEMs as illustrated Figure 
6.18a, indicating a capacitor-type behaviour of the hIEMs [551].  
Based on the observations and measured current-potential across the ED stack 
and the pair of hIEMs an equivalent electronic circuit was proposed (Figure 6.18b) 
where the hIEMs were constituted of three distinct elements including a capacitance, 
resistance and ionic transport component. The ionic transport component represented 
the IEX material while the capacitance was formed by the SS substrate and the 
resistive element was attributed to the PVC phase. 
One way to further investigate and validate the proposed equivalent circuit would 
be to perform impedance-type spectroscopy studies and specifically characterise the 
role played by each element of the hybrid materials [552, 553]. 
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Figure 6.18. (a): Picture of the ED cell with a glowing LED mounted in parallel with 
the pair of hybrid IEMs at an applied potential of 10 V across the ED stack. (b): 
Proposed equivalent circuit for the hybrid IEM material. 
 
6.3.2 Desalination with charged hybrid IEMs 
The ionic fluxes of NaCl across the charged hIEMs pair were investigated in 
configurations where the potential across the ED electrode plates (U1) was 
maintained at 10 V and a range of potential (U2) was independently applied across 
the pair of hIEMs as illustrated in Figure 6.13.  
The NaCl fluxes, conductivity and pH change in the diluate compartments are 
presented in Figure 6.19a, b and c, respectively. Three phases in the desalination 
process can be distinguished across the range of applied voltages. At no applied 
potential, for which a residual charge of + 1.68 V was read across the hIEMs, and up 
to + 2 V and + 4 V, the ion fluxes steadily increased by 9.7% ± 0.3% and 25.5% ± 
3.3%, respectively. In this case, the system acted as a conventional ED process with 
an enhanced removal of ions by electro-migration due to the additional driving force 
provided by the charge of the hIEMs (Figure 6.16a). In addition, neither measurable 
variation of pH in the diluate compartment was measured nor clear gas bubble 
formations were observed in these conditions (Figure 6.19c), which confirmed the 
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absence of water splitting, oxidation or reduction reactions at the surface of the 
hIEMs.  
In another experiment, the pair of hIEMs was connected to the ground, which 
reduced the net charge across the pair of hIEMs to 0 V. In such case, the ion flux 
decreased by 27.4% ± 1.1% as compared to the ionic flux measured with the 1.68 V 
residual potential of the hIEMs pair. The residual polarisation of the conductive SS 
substrates, under the influence of the electrical field generated across the ED 
electrode plates, also increased the driven force of the process and allowed for an 
enhanced electro-migration of the ionic species. 
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Figure 6.19. (a): NaCl ionic fluxes as a function of the potential applied across the 
pair of hybrid IEMs for an applied voltage of 10 V across the ED stack. (b): 
conductivity and (c): pH variations in the diluate compartment for a set of 
experiments as a function of the ED duration for an applied voltage of 10 V across 
the ED stack. 
 
The second phase, at higher applied potentials, led to sharp increase in ion fluxes 
by up to 131.9% ± 12.6% (corresponding to a factor x2.3) and 435.3% ± 27.6% 
(corresponding to a factor x5.4) at + 5 and + 6 V of potential across the hIEMs, 
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respectively. However, during the desalination process, a slight pH increase from 
6.69 to 7 and from 6.75 to 7.3 at + 5 and + 6 V, respectively, was measured (Figure 
6.19c). In addition, production of gas inside the diluate compartment was also 
observed and analysed using a handheld gas sensor (MultiRAE lite, RAE Systems, 
US). H2 gas at a concentration of 120 ± 5 ppm was detected in the diluate stream. 
The characterisation of the hIEMs and functionalised SS substrates in Chapter 4 
previously showed that the ionic species were able to reach the surface of the SS 
substrates and react with the charged metal material. The increase of pH was 
therefore attributed to water reduction on the hCEM charged negatively with 
production of H2 gas and OH- ions.  
The third distinct phase of the process corresponded to a configuration where the 
polarity of the hIEMs pair was forced in an opposite direction as the main electrical 
field generated across the ED electrode plates (Figure 6.16b). This test, although 
counter-intuitive, was performed as a benchmark test in order to evaluate the impact 
of the local electric field on the migration of ions across the hIEMs. The ionic 
transfer was prevented when a potential of - 2 V was applied across the pair of 
hIEMs as seen in Figure 6.19b. The reverse polarisation of the hIEMs was found to 
hamper the transfer of ionic species across the hIEM materials and their electro-
migration toward the ED electrode plates. The pH also remained constant in the 
diluate compartment indicating that no reactions occurred at the surface of the hIEMs 
due to the low applied voltage (Figure 6.19c). However, at more negative potentials, 
in the range of - 3 to - 4 V, a reduction of one unit of pH was measured from 6.67 to 
5.62 and was accompanied by a conductivity increase in the diluate compartment 
(Figure 6.19b and c). The pH reduction and increased conductivity was therefore 
associated with the formation of ionic species due to water oxidation and reduction at 
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the surface of the hCEM and hAEM, respectively. The reactions occurring at the 
surface of the polarised hIEMs are illustrated in Figure 6.20a. The water reduction 
reaction occurring at the negatively charged hIEM can be described as follows: 
2H2O + 2e+ ® 2(OH-) + H2­ Equation 6.53 
The water molecules were oxidised at the positively charged hIEM and involved 
a loss of electrons: 
2H2O ® 4H+ + 4e+ + O2­ Equation 6.54 
 
 
Figure 6.20. Schematic representation of the reactions occurring at the surface of the 
hybrid IEMs when (a): a negative and (b): a positive potential is applied across the 
pair of hybrid IEMs in the ED cell. 
 
The pH increase in the diluate compartment was therefore the result of the 
production difference of OH- at the negatively charged hCEM over the H+ 
production at the positively charged hAEM. These results suggested that the 
increased negative potential applied across the pair of hIEMs promoted water 
oxidation and reduction reactions as the ionic species were constrained in the diluate 
compartment. 
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The transport of ionic species across the diluate compartment was also studied 
without electrical field generated across the ED electrode plates. The conductivity 
and pH variations in the diluate compartment for an applied potential of 10 V across 
the pair of hIEMs are presented in Figure 6.21a. The measured conductivity 
remained stable throughout the duration of the experiment due to the lack of external 
driving force allowing for transfer outside the diluate compartment. On the other 
hand, the pH values increased drastically from 5.45 to 10.58 as a result of the strong 
water oxidation and reduction at the surface of the hIEMs. In such a configuration, 
the reduction of water occurred at the surface of the hCEM as the water oxidation 
occurred at the surface of the hAEM as illustrated Figure 6.20b. The Cl- ions were 
also able to reach the hAEM due to the charge of the anion-exchange resin fixed 
functional groups and were oxidised in Cl2 gas (Equation 6.3) resulting in a pH 
increase. The formation of Cl2 gas at the anode was shown to occurred during ED 
process involving NaCl solutions [17]. The presence of Cl2 gas could not be detected 
due to a lack of specific sensor, however the characteristic odour of Cl2 gas was 
experienced, which was related to a Cl2 concentration threshold of 2 ppm [554]. 
2Cl- ® Cl2­ + 2e+ Equation 6.55 
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Figure 6.21. (a): Change of conductivity and pH as a function of the ED time for an 
applied potential of 10 V across the pair of hybrid IEMs only. (b): Ionic fluxes of the 
studied salts across the diluate compartment. 
 
The desalination of different ionic solutions was performed in order to assess the 
transport rates of the ionic species across the charged and non-charged hIEMs. The 
desalination of 0.01 M NaCl, NaOH, Na2SO4 and HCl aqueous solutions was 
performed at an applied voltage of + 10 and + 6 V across the ED electrode plates (U1 
= 10 V) and the pair of hIEMs (U2 = 6 V), respectively. The desalination 
performance was benchmarked against the desalination rate using a single potential 
across the ED electrode plates of + 16 V (U1 = 16 V). The ionic fluxes in both 
configurations are presented in Figure 6.21b. The ionic fluxes were found to increase 
in the process configuration where U1 = 10 V and U2 = 6 V as opposed to U1 = 16 V 
only.  
The applied potential across the hIEMs had therefore a beneficial effect on the 
removal of ionic species from the diluate compartment. Specifically, the NaCl, 
NaOH, HCl and Na2SO4 fluxes were 6.5% ± 0.5%, 8.5% ± 2.5%, 9.5% ± 2.9% and 
13.4% ± 1.8% greater. The desalination rate of HCl and NaOH solutions were the 
largest due to the transport mechanisms of H+ and OH- ions in solution, which differ 
from mineral ions such as Na+, Cl- and SO42-. H+ and OH- ions are able to transfer 
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through the chain of water molecules due to the so-called Grotthuss mechanism [555, 
556]. As an example, the ionic mobility of H+ ions is 7 times greater than the ionic 
mobility of Na+ ions in water due to the Grotthuss transport mechanisms [557]. 
Similar transport mechanisms are present across the water swollen domains and 
charged functional groups of the ion-exchange materials resulting in a greater 
mobility of H+ and OH- ions through the material [479]. The transport rate of mineral 
ions is therefore related to their diffusion coefficient and ionic mobility. The ionic 
mobility participates in the active transport of the ions under the influence of an 
electrical field and is a function of the charge number and dimension of the ions 
[558]. Due to the greater size and charge number of the SO42- ions, the desalination 
rate of the Na2SO4 solutions was, on average, 49.51% ± 1.30% lower than the NaCl 
desalination rate [519, 547]. 
The transport mechanism across the hIEMs may therefore be summarised as 
follows. Once the potential is applied across the pair of hIEMs, the electrolyte 
solution present in the diluate compartment is under the influence of an additional 
and independent electric field arising from the hIEMs. The ionic species are then 
driven by the additional electrical force, the cations migrate toward the negatively 
charge hIEM as the anions migrate toward the positively charge hIEM. The flux of 
ions across the diluate compartment remain governed by the mass-transport 
equations, which include three components [558]: 
!"#$% = '% = 	−*% +,%+$ − #%,% +∅+$ + /,% Equation 2.22 
The first and third term of Equation 2.22 represent the diffusion and convection 
components, respectively, and are related to the electrolyte concentration and fluid 
flow velocity. On the other hand, the second term, which corresponds to the 
migration component is directly related to the strength of the electric field and 
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determines the ionic surface concentration across the boundary layers [52, 136]. The 
electrical field generated across the pair of hIEMs therefore promoted the selective 
migration of ions across the structure of the hIEMs and toward the ED electrode 
plates. 
 
6.3.2.1 Ageing of the hIEMs upon polarisation of the SS substrates 
In order to assess the viability of the process and the chemical stability of the 
IEXs, FTIR measurements of the hIEMs before and after the capacitive ED 
experiments were performed. The FTIR spectra of the pristine and used hAEMs, as 
seen in Figure 6.22a, were virtually identical and both presented the characteristic 
bands assigned to the tertiary amide anion-exchange functional groups in the 1010 to 
850 cm-1 region. Full band assignments were given in Chapter 4, Section 2.2.4. The 
FTIR spectra of the pristine and used hCEMs were similar and both exhibited the 
sulfonic acid cation-exchange groups from 1180 to 1128 cm-1 (Figure 6.22b). In 
addition, the visual inspection of the hIEMs did not reveal any material degradation 
or pronounced colour changes, which may have been associated with the SS 
substrates oxidation. It can be conclude that the hIEMs were not measurably 
damaged by the water oxidation and reduction reactions at high voltages and during 
ED process. 
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Figure 6.22. FTIR spectra of the (a): hAEMs and (b): hCEMs before and after 
capacitive ED experiments. 
 
6.3.3 Conclusions and outlook 
The electrically conductive SS substrates present in the hIEMs allowed for a 
novel and unique ED configuration where an electrical potential was directly applied 
to the separation materials.  
The charged hIEMs were found to behave as a capacitor accumulating an 
electrical potential, which could be polarised independently from the main electrical 
field across the ED electrode plates. A normal polarity across the pair of hIEMs, with 
respect to the main ED electrode plates, was found to provide an additional driving 
force and increase the transport of charged species. The enhanced mass transport due 
to the polarisation of the separation material could be applied to other non-
electrically driven separation processes. Polarisable carbon, metal or hybrid materials 
could act as a secondary driving force for the separation of salts, charged or ionisable 
particles. Pressure-driven membrane processes such as ultrafiltration and 
microfiltration could directly benefit from the polarisation of the existing porous 
metal membranes while an electrically conductive mesh support could be added to 
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reverse osmosis and nanofiltration polymeric material. However, a reverse polarity 
acted as a gatekeeper preventing the electro-migration across the hIEMs. 
The ability to reverse the polarity across a single ED compartment could provide 
new opportunities for ED and electro-membrane processes. As examples, 
applications were the ionic flux could be temporary halted in a compartment without 
compromised the overall ED operations could lead to consistent product quality. 
Other potential applications include the compartment-selective transport of small 
organic species such as organic acid or amine salts for organic salt conversion and 
manufacturing of small active molecules. Furthermore, water oxidation and 
reduction reactions were initiated at specific potential across the hIEM compartment. 
The development of an integrated ED process combining the controlled electro-
diffusion of reactants followed by a hydrolysis or alkalisation step without electro-
transport could lead to new manufacturing processes for organic pharmaceutical 
salts, vitamin or mineral supplements and other small organic molecules. 
In conventional ED process, the hIEMs could also be used for descaling and 
cleaning purposes by reversing the individual polarity of the hIEMs or promoting 
water electrolysis reactions, which would eliminate the need for cleaning agents. In 
addition, the hybrid material could also be used as an on-line voltage and intensity 
monitoring solution for the continuous adjustment of the ED stack voltage for 
potential energy cost savings. 
Future works should include a thorough characterisation of the material and ionic 
transport by electrical impedance spectroscopy as well as a first proof of concept for 
the manufacturing of active organic salt molecules. 
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6.4 Electro-capture of heavy metal ions with carbon cloth 
integrated electro-dialysis system 
In this section, the removal of heavy metal ions from aqueous solutions was 
successfully performed in a flat-sheet ED module configuration. The removal of 
heavy metal ions from waste streams was previously proven possible using ED 
processes [17, 19]. However, one of the key limitations of ED process applied for the 
desalination of heavy metal streams is the poisoning of the IEMs due to the 
precipitation of the metal cations across the polymer matrix [21]. A novel modified 
ED process is demonstrated for the one-step concentration of model heavy metal ions 
from contaminated wastewaters and their reduction into solid metal onto a protective, 
porous and electrically conductive carbon cloth. The metal ions recovered within the 
ED system included copper, zinc, nickel and silver as well as zinc/copper ionic 
mixtures, which were selected for their importance in the electronics and 
electroplating industry. Hydrophobic macro-porous carbon cloths were inserted 
between the Selemion® CEM and AEM and were used as a reducing platform as seen 
in Figure 6.23. 
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Figure 6.23. (a): Schematic of the ED concept with a conductive carbon cloth 
element used for the reduction of heavy metal ions. (b): Schematic of the 
experimental set-up. 
 
6.4.1 Carbon cloth properties 
The properties and SEM images of the plain carbon cloth materials used as a 
collection template are shown in Table 6.1 and Figure 6.24a, respectively. The 
carbon cloth presented a structure of plain woven carbon fibres with average pore 
size of 130 µm (Figure 6.24b). The macro-porous carbon cloth material provided a 
continuous medium for the electro-migration of ions and solvent molecules across 
the module. The water contact angle measurement across the surface of the carbon 
cloth surface revealed a hydrophobic type material with a water contact angle value 
of 142 ± 5°. The hydrophobicity of the material was not considered to be an issue as 
the aqueous solutions were able to penetrate the woven carbon fibre structure due to 
the line pressure provided by the peristaltic pump and to the relatively low liquid 
entry pressure of the material. The water bubble point pressure of the material was 
measured at 0.0166 ± 0.0025 bar by capillary flow porometry. Furthermore, the 
hydrophobicity of the carbon cloth could be an advantage for waste effluents 
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containing large volume fraction of organic solvents such as toluene, relevant to the 
tanning industry [559]. 
 
 
Figure 6.24. (a): SEM image of the plain carbon cloth used for the recovery of metal 
ions; insert shows the water contact angle measurement. (b): Pore size distribution of 
the carbon cloth. 
 
Table 6.1. Carbon cloth properties. 
Material Carbon cloth 
Weight (g.m-2) 132 
Carbon fibre diameter (µm) 7.5 
Electrical resistivity (Ω.mm) 0.7 
Thickness (µm) 356 
 
6.4.2 Desalination and ionic transfer performance benchmarks 
The desalination of sodium chloride (NaCl) solutions was first performed over a 
range of current densities in order to benchmark the desalination performance of the 
ED module without the carbon cloth. The fluxes of Na+ across the CEM and 
removed from the diluate compartment are shown in Figure 6.25a. The Na+ fluxes 
increased linearly with the current density, which confirmed that the electro-
migration of ions was not impaired by the module design or ion-exchange membrane 
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materials. It was therefore assumed that the total current through the module without 
the carbon cloth inserted is carried by ions only and that the current leakage through 
the module and manifold system can be neglected [184]. In addition, the impact of 
the residence time of the solutions across the spacers on the ionic transport was 
investigated over a range of flow rates (Figure 6.25b). The Na+ ionic fluxes were 
found to increase sharply from 12 to 18 mL.min-1 before reaching a plateau for 
higher flow rates. The flow rate was therefore fixed at 18 mL.min-1 for the next 
series of electro-diffusion experiments. 
 
 
Figure 6.25. Ionic fluxes from the diluate to the concentrate compartment as a 
function of the current density of (a): sodium ions (Na+) without carbon cloth; (b): 
Na+ fluxes as a function of the flow rate. (c): ionic fluxes of copper ions (Cu2+) with 
and without carbon cloth inserted in the ED module and (d): ionic fluxes with carbon 
cloth for the different heavy metal ions studied. 
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Similarly, the desalination of CuSO4 solutions was performed without carbon 
cloth over a range of current densities to set a benchmark for the electro-diffusion 
and reduction experiments (Figure 6.25c). The fluxes of Cu2+ were found to be 
almost half that of the fluxes of Na+ at the same current density value. Na+ and Cu2+ 
have different size, valency and hydration shell and will therefore migrate across the 
IEM materials at different rates. As an example, the hydrated ionic radius of Cu2+ 
(600 pm) is 25% larger than the hydrated ionic radius of Na+ (450 pm) [560, 561]. 
The lower transport rates of Cu2+ in the CEM material was due to the greater 
electrostatic interaction with the oppositely charged functional groups of the CEM 
[548]. However, the flux of Cu2+ did not further increase above 31.25 mA.cm-2 as the 
limiting current density was reached and a steady state situation was established 
between the electro-migration of Cu2+ across the CEM materials and the diffusive 
transport of Cu2+ in the bulk solution [128]. The experiments performed, above the 
limiting current density, at 43.75 mA.cm-2, without carbon cloth resulted in scaling 
and strongly damaging the AEM facing the cathode as seen in Figure 6.26. This 
effect is related to the concentration polarisation of the metal ions where the 
depletion of ions at the surface of the AEM leads to an increased voltage drop. The 
electrical current is unable to flow due to the absence of ions, which induces water-
splitting phenomena with extreme localised pH changes and thus precipitation of the 
multivalent ions as hydroxides [17, 184]. 
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Figure 6.26. Photographs of (a): the undamaged and (b): the burnt AEMs. (c) and (d) 
represent the poisoned and heavily poisoned AEMs respectively. 
 
6.4.3 Recovery of the metal ions  
The recovery experiments were then performed using the ED module by 
inserting the carbon cloth material in the concentrate compartment, in contact with 
the AEM facing the cathode (Figure 6.23). Figure 6.25c and d show the ionic fluxes 
in the ED module as a function of the current densities. The Cu2+ fluxes with carbon 
cloth were similar to the ones without carbon cloth (Figure 6.25c), which indicated 
that the carbon cloth did not affect the electro-migration and diffusive transport 
within the ED module. The Cu2+ fluxes followed a similar linear increased with a 
maximum reached for a current density of 31.25 mA.cm-2. However, the AEM 
material was not degraded at higher current density (43.75 mA.cm-2). A possible 
explanation may be that the carbon cloth acted as an electron sink inhibiting the 
water splitting at the surface of the AEM. Similarly, the fluxes of Ni2+, Zn2+, Ag+ and 
Cu2+:Zn2+ stoichiometric mixture are shown in Figure 6.25d. Ag+ exhibited the 
greatest mobility across the CEM material with fluxes almost twice as high as the 
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other heavy metal ions due to the lower valence and hydrated radius (250 pm) of the 
silver ion [561-563]. However, the fluxes of the Cu2+:Zn2+ stoichiometric mixture 
were found to be lower than the fluxes for the single ionic species due to the 
competitive transport of both cations across the CEM material [563]. The CEM was 
shown to be permeable to monovalent and divalent heavy metal cations confirming 
the applicability of ED technology to the treatment of wastewaters contaminated 
with heavy metal ions. 
The heavy metal ions transferred into the concentrate compartment were then 
captured on the carbon cloth material. Similarly to cathodic reduction processes, a 
range of reduction reactions can occur across the negatively charged carbon cloth, 
including water reduction and local alkalinity increase [564]. The SEM images of the 
carbon cloth scaled with the metal deposits over the range of current densities are 
shown in Figure 6.27 and Figure 6.28. 
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Figure 6.27. SEM images of (a): copper, (b): zinc, (c): mixed copper/zinc deposits on the carbon cloth as a function of the current densities at 
6.25 (1), 18.75 (2), 31.25 (3) and 43.75 (4) mA.cm-2. 
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Figure 6.28. SEM images of (a): silver and (b): nickel deposits on the carbon cloth as a function of the current densities at 6.25 (1), 18.75 (2), 
31.25 (3) and 43.75 (4) mA.cm-2. 
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The reduction of the heavy metal ions onto the carbon cloth started at the lowest 
current density (6.25 mA.cm-2). As expected, the reduction of metal ions was found 
to be more important at the greatest current densities due to the increased availability 
of electrons across the carbon cloth. The copper and zinc species were reduced in 
clusters starting from the initial metal seeds present at the surface of the carbon fibres 
(Figure 6.27). On the other hand, the nickel and silver depositions were found to be 
more scattered across the surface of the carbon fibres as seen in Figure 6.28, which 
may be due to the seeding growth affinity of the metal ions and the carbon surface 
[565]. The deposition patterns could be further investigated by changing the surface 
chemistry of the carbon fibres using plasma or silane functionalisation. The SEM 
images presented a greater coverage of the carbon cloth by the metal deposits as a 
function of the current densities, which was directly correlated to the ion fluxes, as 
previously presented in Figure 6.25. The measured weight gains of the carbon cloths 
at the end of the experiments showed similar results as seen in Figure 6.29a. The 
deposition of the heavy metal ions was found to follow a linear increase as a function 
of the current densities. Silver deposition was the greatest with a 16% weight 
increase at 43.75 mA.cm-2, indicating a direct correlation with both the ionic fluxes 
and the deposition rates (Figure 6.25d). The weight increases due to the deposition of 
Cu2+, Zn2+ and Ni2+ were similar ranging from 0.7 to 1.4 wt% at 6.25 mA.cm-2 and 7 
to 9 wt% at 43.75 mA.cm-2. However, the deposition of Cu2+:Zn2+ stoichiometric 
mixture on the carbon cloth showed a superior weight increase as compared to the 
deposition of the single metal species. The nature of the deposits, in terms of 
composition and crystallinity, was then characterised using the EDX and XRD 
techniques. 
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Figure 6.29. (a): Weight variation of the carbon cloths after the deposition 
experiments as a function of the current densities. (b): XRD analysis of the pristine 
carbon cloth and the metal coated carbon cloths at 31.25 mA.cm-2 (spectra were 
offset by 15.000 units). 
 
The EDX elemental analysis of the carbon cloth coated with copper species 
(Figure 6.30a) revealed that the clusters are composed almost exclusively of copper 
(46.86 at%) with only 5.4 at% of oxygen and the remaining comprised of carbon. 
The EDX elemental analysis of the mixed copper/zinc clusters (Figure 6.30b) 
showed an interestingly greater ratio of zinc element (16.93 at%) over copper (6.96 
at%). The electrochemical reduction of mixed metal ions in solution typically 
involves more complex reduction mechanisms than the reduction of single metal ions 
in solution [566, 567]. 
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One explanation for the greater ratio of zinc element over copper might involve a 
mixed mechanism of electro-reduction Cu2+ and sequential alkaline precipitation of 
zinc species with OH- resulting from the water reduction [568]. The electro-reduction 
of Cu2+ occurred before Zn2+ due to the higher value of standard reduction potentials 
(E0). The presence of sulphur (4.12 at%), sodium (2.71 at%) and high oxygen 
content (40.63 at%) also supported the mixed electro-reduction and precipitation 
mechanism. 
 
  
 
332 
 
Figure 6.30. EDX elemental analysis of (a): copper deposit; (b): copper/zinc mixture 
deposit; (c): nickel deposit and (d): silver deposit onto a carbon fibre. Deposition 
experiments were performed at 31.25 mA.cm-2. 
 
The EDX elemental analysis of the carbon cloth coated with nickel and silver 
species is shown in Figure 6.30c and d, respectively. The EDX elemental analysis 
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revealed that a negligible amount of sulphur and magnesium counter-ions is still 
present across the carbon cloth, indicating that the precipitation of metal salts is less 
plausible. However, the oxygen content was found to be as high as 30.48 and 9.53 
wt% for the nickel and silver coated carbon cloths, respectively. The formation of 
silver and nickel oxide could be explained by the local increase of pH across the 
carbon cloth due to the water reduction. In alkaline solutions both nickel and silver 
were found to form hydroxide compounds in competition to the electro-reduction 
process [569-571]. 
The crystalline nature of the metal deposits was analysed using XRD 
measurements. A low noise sample holder was used in order to reveal the crystalline 
structure of the samples without interferences (Figure 6.29b). The spectrum (a) 
corresponding to the carbon cloth was characteristics of the carbon fibre type 
materials with a broad peak at 2θ = 25° [572]. The XRD spectrum of the carbon 
cloth with the silver deposition (b) showed a crystalline metallic phase with peaks at 
2θ = 38 and 44.5°, corresponding to the diffractions of Ag(111) and Ag(200), 
respectively [573]. However, the presence of peaks at 2θ = 32.4 and 33.1° revealed 
the presence of silver oxides (Ag2O) [574, 575], which was in good agreement with 
the EDX elemental analysis results. The spectrum (c) corresponds to the nickel 
deposit onto the carbon cloth. The broad peak at 2θ = 44.6° may correspond to the 
combined crystalline split peak of metal Ni(111) and nickel oxide NiO(200) [576]. 
The spectra of the carbon cloth with the copper deposit (d) showed strong Cu(110), 
Cu(111), Cu(200) and Cu(220) metal peaks at 2θ = 36.68, 42.45, 50.68 and 73.74°, 
respectively [577, 578]. The zinc coated carbon cloth showed only minor peaks (e) 
of Zn(002), Zn(100), Zn(101) and Zn(102) at 2θ = 34.15, 38.93, 42.56 and 54.23°, 
respectively [579, 580]. Finally the XRD spectrum of the mixed copper/zinc deposit 
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(f) revealed the deposition of a Cu-Zn alloy with a β phase β-Cu0.61Zn0.39(001) at 2θ = 
33.40° and γ phases γ-Cu5Zn8(321) and γ-Cu5Zn8(330) at 2θ = 36.75 and 43.77°, 
respectively [581]. The combined XRD and EDX analysis of the mixed copper/zinc 
deposit therefore indicate the presence of both a reduced Cu-Zn alloy compound and 
a deposition of amorphous metal salt species across the carbon cloth. 
 
6.4.3.1 Desalination and recovery experiments with the hIEMs 
The recovery experiments were also performed using the hIEMs inserted across 
the ED module. However, in this case, the electrical conductivity properties of the 
hIEMs were not desirable for the simultaneous desalination and electro-capture of 
heavy metal ions at high current densities. As discussed in Sections 6.3.1, the applied 
potential across the ED electrode plates gave rise to a residual potential across the 
pair of hIEMs. Further, the indirect polarization of the hIEMs was shown to induce 
electro-chemical reactions between the hybrid materials and the species in solutions 
such as water electrolysis. The residual potential was found to be dependent on the 
distance between the hIEMs as seen in Figure 6.14, but also on the nature and 
compositions of the electrolytic solutions. For a residual potential across the hIEMs 
above the standard reduction potential (E0) of the metal ions/metal systems, electro-
reduction of the metal ions at the hIEM surfaces was observed due to the electrical 
conductivity of the SS reinforcement and catalytic activity of the IEX coating. The 
standard reduction potential of the metal ions/metal systems used during the recovery 
experiment are showed Table 6.2 and give an indication of the minimum potential to 
apply in order to initiate electro-reduction phenomena on a charged surface. As an 
example, the specific residual potentials across the hIEMs were measured in the 
electro-capture experimental conditions of Cu2+ from a 0.1 M CuSO4 solution and 
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are presented in Figure 6.31. The residual potential across the hIEMs during the 
electro-capture experiments reached the standard reduction potential of the Cu2+/Cu 
system (E0 = 0.3419 V) for an applied potential across the ED stack as low as 3 V as 
seen in Figure 6.31b. For the recovery of Cu2+ ions, the maximum applied potential 
across the ED stack was therefore limited to below 3 V for the Cu2+/Cu system. 
In this configuration, the use of hIEMs for the recovery of metal ions by electro-
reduction onto the carbon cloth was not as efficient as compared to the Selemion® 
IEMs due to the lower maximum applied potential and current densities. However, 
the residual potential induced across the hIEMs could be controlled, as previously 
demonstrated, which could lead to alternative applications such as the selective 
electro-reduction of metal ions from mixed electrolyte solutions. 
 
Table 6.2. Standard reduction potential of the metal ion/metal systems 
Reduction half-reaction Standard Potential, E0 (V) 
Ni2+(aq) + 2e- →	 Ni(s) - 0.257 
Cu2+(aq) + 2e- →	 Cu(s) 0.342 
Zn2+(aq) + 2e- →	 Zn(s) 0.760 
Ag+(aq) + e- →	 Ag(s) 0.799 
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Figure 6.31. (a): Residual potential across the hIEMs as a function of the applied 
potential at the ED electrode plates in the Cu2+ electro-capture experimental 
conditions. (b): Zoom in from 0 to 7 V. 
 
6.4.4 Metal recovery and desorption experiments 
Samples of the coated carbon cloth (2 to 3 mg) were collected from an area 
where the metal deposits were visible. The depositions of metal species were found 
to follow the hydraulic path created by the spacer. As a reminder the serpentine-
shaped spacer used for these experiments also led to a serpentine-shaped deposition 
pattern across the surface of the carbon clothes as seen in Figure 6.32a and b. 
At high current density, 43.75 mA.cm-2, the deposition rate was not consistent 
across the fluid pathway and extended outside the effective transfer area delimited by 
the spacers (Figure 6.32c). This effect was attributed to the diffusion and reduction 
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of cations across the woven carbon fibre structure. Therefore, the TGA experiments 
were considered to be qualitative only. The TGA analysis of the pristine and coated 
carbon cloths after the electro-deposition experiments are shown in Figure 6.32d and 
e. The pristine carbon cloth material was thermally stable up to 695°C and 50 to 
80°C lower when coated with copper deposits due to the catalytic activity of the 
copper metal [582]. Similarly, the silver deposition promoted the thermal 
degradation of the carbon cloth by 50°C, however, no significant effects on the 
thermal degradation of the carbon cloth were found for the nickel, zinc and 
copper/zinc deposits (Figure 6.32e). Nevertheless, the recovery of metal could be 
performed via the thermal degradation of the carbon cloth substrate. 
 
 
Figure 6.32. (a): Representation of the spacer design. (b) and (c): Photographs of the 
copper deposition onto the carbon cloth at 31.25 mA.cm-2 and 43.75 mA.cm-2, 
respectively. TGA analysis of the carbon cloth with deposits of (d): copper as a 
function of the current densities and (e): of the carbon cloth with copper, nickel, zinc, 
silver and copper/nickel deposits at 31.25 mA/cm2.  
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The electrochemical desorption experiments were then performed within an 
electrochemical cell using a full size carbon cloth with copper deposited at 31.25 
mA.cm-2 and constituted the anode. The cathode was made of the conductive woven 
SS mesh composed of SS fibres (70 µm in diameter), which presented surface 
indentations oriented parallel to the fibre axis (Figure 6.33a and b). The copper metal 
deposited on the carbon cloth was oxidized and subsequently reduced on the surface 
of the SS cathode. Figure 6.33c and d show the pattern deposition of the copper 
particles at the surface of a SS fibre after 30 min of experiment. The surface EDX 
analysis of the SS fibre revealed deposits of copper metal (Figure 6.34). The sizes of 
the copper crystal were between 50 and 300 nm with a square pyramidal crystallite 
structure probably resulted from the surface roughness of the SS fibres. In this 
experiment, the copper coated on the carbon cloth was successfully recovered on the 
SS mesh cathode. In addition, the carbon cloth materials were found to be reusable 
therefore limiting the material cost of the process. 
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Figure 6.33. SEM images of (a) and (b): the pristine stainless steel mesh; (c) and (d): 
the coated stainless steel mesh with copper deposits after the electro-desorption 
experiments. 
 
 
Figure 6.34. (a): EDX elemental analysis of the copper deposits on the surface of the 
stainless steel fibres. (b): SEM image of the mapping area. 
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6.4.5 Conclusions 
The combined desalination and recovery of valuable single and mixed heavy 
metal ions was performed in a novel ED set-up. A carbon cloth element was inserted 
in the concentrate compartment and acted as an electron sink limiting the adverse 
consequences of the polarisation concentration effect on the IEMs. The heavy metal 
ions were captured on the carbon cloth surface by a mixed mechanism of 
electrochemical reduction and alkaline precipitation. The metal deposition rates were 
found to increase linearly with the current densities and ionic fluxes. The copper and 
zinc deposits were composed of pure electro-reduced metal as the silver and nickel 
deposition presented a mixed of metal and metal oxide species characteristic to 
electrochemical reduction processes in alkaline conditions. The copper metal 
deposits reduced onto the carbon cloth were successfully re-oxidized and reduced on 
a SS mesh highlighting the easy recovery of the metal deposits. The copper/zinc 
ionic mixture was partially reduced as an alloy onto the carbon cloth, however, 
amorphous metal salt species were also detected. In order to treat streams composed 
of mixed heavy metal ions, the use of complexion agents could further improve the 
selectively of the deposition.  
In addition, the ED process developed here could be easily scaled up to a full 
industrial-size ED stack due the increasing availability of large woven carbon fibre 
materials and apply to the large scale processing and refining of mineral ore. 
Although the method presented here focused on the removal and recovery of 
valuable heavy metal ions, the coated carbon clothes could also be valorised as final 
by-products with potential applicability. Indeed, the carbon cloth coated with silver 
crystals could be valued as anti-bacterial filters or as catalytic electrodes when coated 
with copper and nickel species. 
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The future work will combine the ED process with the charged hIEMs and the 
carbon cloth reduction platform. The control of the ionic diffusion and pH conditions 
across the reduction compartment could further increase the electro-reduction rate of 
ionic species and particularly the species more difficult to reduce such as nickel salts. 
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6.5 Chapter summary and outlook 
 The novel flat-sheet hIEMs were found to be permselective to ionic species and 
able to desalinate ionic aqueous and mixed alcoholic solutions in a flat-sheet ED 
configuration. The heterogeneity of the hIEMs led to an increased solvent transfer as 
compared to the Selemion® IEMs. However, the transport across the hCEMs and 
hAEMs remained selective to cations and anions, respectively. The SS substrates 
allowed for lower energy consumption at high alcohol volume fraction due to the 
electronic conductivity of the substrates. 
The tubular hIEMs were proven effective for desalination of ionic aqueous 
solutions. The driving force was applied directly across the separation materials 
eliminating the need for an electrode stream and resulting in greater ionic fluxes due 
to a capacitive effect of the porous SS materials. 
The mixed capacitive-ED process concept was applied to the flat-sheet ED 
configuration by polarising the SS substrates across the hIEMs. The results showed 
enhanced ionic fluxes due to the added driving force across the pair of hIEMs. In 
reverse polarisation conditions, the SS substrates also provided a new and unique 
gatekeeping ability to the hIEMs preventing the transport of ionic species. 
The desalination and electro-capture of heavy metal ions present in aqueous 
solutions was achieved with the presence of a carbon cloth material in the 
concentrate compartment and led to improved desalination efficiencies at higher 
current densities, previously unachievable due to the inevitable poisoning and 
degradation of the IEMs. In addition, the use of conductive carbon clothes enabled 
the recovery of the metal, post reduction, through a simple and selective electro-
oxidation process. 
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ED and electro-membrane processes are mature technologies, which present 
opportunities for innovative process development. The use of conductive substrates 
can lead to independently control ED compartments for removal, recovery and 
manufacture of ionic species. A wide range of metal, alloy or carbon electrically 
conductive substrates needs to be further investigated for the development of high 
efficiency hIEMs. Another great area of improvement is the development of other 
IEM form factors such as tubular or HF along with new ED stack design with 
individual staged compartment. 
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Chapter 7. Electro-catalysis applications 
In this final experimental Chapter, the potential of the hIEMs to act as electro-
catalytic materials were assessed. First, the electro-catalytic conversion of canola oil 
to biodiesel in alcoholic solutions was performed using the flat-sheet hIEMs 
mounted in an electro-catalytic reactor. In a second part, the hybrid HF IEMs were 
used for the electro-oxidation of small organic pollutants in aqueous solutions. 
 
7.1 Electro-catalytic biodiesel production 
In the following section, the electro-catalytic conversion of canola oil to biodiesel 
in a 1% aqueous methanolic and ethanolic reaction mixture was performed without 
the addition of external catalyst or co-solvent. The hIEMs were used as cathode 
materials while the anode was composed of a plain carbon paper. Before presenting 
the experimental results, a short review on biodiesel production processes and 
technologies will be covered to provide perspective to the reader. 
 
7.1.1 Overview of the current biodiesel production technologies 
Biodiesels have become over the past decade a viable energy and renewable 
alternative to fossil fuel sources [583]. The culture of non-edible feedstocks or the 
use of vegetal or animal oils are particularly of interest as a route to value potential 
waste-products for direct energy generation [481]. Canola oil was extensively 
investigated as a first generation feedstock and particularly in Australia due to being 
the second largest exporter of canola seed in the world, with an annual production 
between 2 to 3 million tons of oilseeds [584, 585]. Biodiesels are produced through 
the transesterification of glycerides including tri, dia and monoglycerides present in 
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oils and fats, with alcohol molecules such as methanol or ethanol [583]. Biodiesels 
produced using methanol consist of methyl esters (RCOOR’) with variable carbon 
chain length and unsaturated bonds numbers related to the oil and fat feedstock used 
[586]. Conventional transesterification of the triglycerides (G(COOR)3) with an 
alcohol (R’OH) is a typical two-phase reaction due to the poor solubility of the 
alcohol into the triglyceride phase [587]. In order to increase the yield and rate of the 
reaction, a homogeneous acid or alkaline catalyst is usually introduced with excess 
alcohol molecules to shift the reaction equilibrium towards the product side [481, 
588]. The catalyst is dissolved in the alcohol phase and the transesterification 
reaction (1) can be expressed as follows [481, 589]: 
G(COOR)3 + 3R’OH	→ 3RCOOR’ + G(OH)3 (1) 
Where G(OH)3 is the glycerine by-product. 
The transesterification reaction of canola oil, for instance, occurs in the methanol 
phase where sodium methoxides, the reactive species, are formed by reaction of the 
methanol molecules with the sodium hydroxide catalyst [590]. However, during the 
methoxide formation process, water molecules are formed and parasitic 
saponification reactions may occur, reducing the yield and quality of the final 
product [583]. In addition, for such systems, the removal of unreacted catalysts 
requires extra purification steps which may hamper the competitiveness of the 
process and increase the production cost of the biodiesels [591]. Purification of the 
product esters phase is usually carried out by using warm distilled water baths (50°C) 
followed by drying with brines and anhydrous sodium or magnesium sulphate [202]. 
Depending on the feedstock quality and until fulfilment of the standard (EN 14214 or 
ASTM D 6751), it can take up to 0.4 to 1 L of water to produce one litre of purified 
biodiesel [191]. 
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Various batch and continuous processes were developed for the production of 
biodiesel including both catalysed and non-catalysed systems [481]. Additions of a 
co-solvent such as tetrahydrofuran (THF) or methyl tert-butyl ether (MTBE) were 
investigated in order to accelerate the reaction rate. However, co-solvent assisted 
processes requires specific equipment to recover and recycle the solvents and to deal 
with such toxic volatile compounds in relatively large quantities at industrial levels 
[592]. Non-catalytic supercritical processes were also developed at high temperature 
(350 to 400°C) and high pressure (> 8 MPa). The limitations of supercritical 
processes include the cost of the equipment and the overall energy consumption 
making the biodiesel production relatively energy inefficient [593]. Other catalytic 
processes include the use of enzymes, such as lipase, immobilized onto a material 
support [594]. While the enzymatic reaction was found to be highly selective and 
non-water sensitive, the high cost and stability of the enzymes remain challenges to 
achieve cost competitive and efficient biodiesel production processes [594]. 
Recently, ion-exchange resins have been studied as a reusable heterogeneous 
catalyst and were shown to be promising means for the production of biodiesel since 
they offer high esters yield (> 90%) and almost stoichiometric triglycerides to 
alcohols ratio (1:3.5, TG:A molar ratio). The availability of polymeric ion-exchange 
resin materials and their relative low cost also make them attractive for such large 
scale operations [104, 191, 595]. Both cation and anion-exchange resins were found 
to be effective catalysts of the transesterification reaction [104, 595, 596]. However, 
continuous production is limited by the need to regenerate the ion-exchange resin 
bed with concentrated base or acid solutions [104, 595]. In order to tackle these 
issues, electro-assisted biodiesel production methods have been investigated 
combining the addition of a limited amount of water (< 2 wt% of the reaction 
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mixture) and an electrolyte support (sodium chloride, NaCl) in the methanolic 
reaction mixture in presence of either a co-solvent and/or a heterogeneous catalysts 
[597, 598]. During the electrochemical process, the proton (H+) and hydroxide ions 
(OH-) formed at the surface of the electrodes, from water splitting, were found to act 
as acid and base catalysts enhancing the reaction rate [597]. Although these methods 
allow for a high yield of MEs (> 95 %), both were using a co-solvent to achieve a 
one-phase solution. In addition, the use of platinum electrodes [597] or the addition 
of an heterogeneous catalyst (chitosan-xerogel) in the reaction mixture [598] 
rendered the methods less competitive compared to conventional homogeneous 
catalysed transesterification methods. Electro-catalytic methods are however 
particularly attractive for the conversion of used cooking oils containing a high 
weight percentage of water (> 5%), which provides a necessary acid and base 
catalyst source without the parasitic saponification reactions [597, 598]. 
In the following section, a novel electro-catalytic method using the hIEMs as 
electrode materials for the production of biodiesel from canola oil is presented. The 
transesterification reaction took place in a methanolic and ethanolic two-phase 
reaction mixture where an emulsion of canola oil in the alcohol phase is formed 
under strong stirring at either 40°C or room temperature.  
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7.1.2 Electro-catalytic biodiesel production 
The electro-catalytic reactor consisted of an electrolysis cell containing two 
electrode plates (20 x 20 mm) separated by a distance of 30 mm (Figure 3.10 and 
7.1). The working electrode (cathode) was made of the woven SS wire mesh or the 
hIEM electrode materials under investigation, as the carbon paper was used as the 
counter-electrode (anode). The water splitting reactions at the surface of the 
electrodes were used to regenerate the IEX coating and provide catalyst to the 
transesterification reaction. The electrolysis reaction was carried out using a constant 
potential varying from 10 to 40 V and was applied between the two electrodes at 
room temperature or at 40°C and under agitation. 
 
 
Figure 7.1. Schematic of the electro-catalysis cell and conversion process. 
 
7.1.2.1 Electrode materials characterisation 
The woven SS substrates and woven hIEMs were used as electrode materials 
[311]. The TGA analysis of the hIEMs revealed an uptake of reactants and products 
of 16.45 wt% and 16.75 wt% across the hAEM and hCEM, respectively. The FTIR 
spectra of the hIEMs before and after experiments are presented (Figure 7.2). The 
biodiesel characteristic bands at 1744 cm-1, 1450 cm-1 and 1170 cm-1 corresponding 
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to the C=O ester bonds stretching, to the asymmetric stretching of –CH3 and O-CH3, 
respectively were detected at the surface of the hybrid materials [599]. The coating 
of IEXs was therefore able to swell upon absorption of the reaction mixture and 
catalyse some of the triglycerides into methyl esters. The use of the IEXs for the 
production of biodiesel and their catalytic activity were previously reported [104, 
595]. 
 
 
Figure 7.2. FTIR analysis of the IEX coatings. FTIR spectra 3 and 4 were shifted 
from spectra 1 and 2 (by 0.40 a.u.). 
 
7.1.2.2 Conversion of canola oil in methanolic and ethanolic reaction mixture 
The electro-catalytic conversion of canola oil in a methanolic reaction mixture 
was studied across a series of cell voltages at either 20°C or 40°C. The percentage of 
canola oil converted into methyl esters after 1 h of reaction is shown in Figure 7.3a 
and b. The canola oil conversion rate to methyl esters was found to be lower at 20°C 
compared to 40°C at all the cell voltages when using the woven SS mesh electrode. 
However, when the electro-catalytic reaction was performed using the hAEM, the 
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temperature of the reaction had very limited impact on the conversion rate of canola 
oil to methyl esters. As shown in Figure 7.3a and b, the conversion rate at 10 V was 
19.9%± 0.1% at 20°C as compared to 21.2% ± 0.9% at 40°C. Similarly for a cell 
voltage of 20 V, the conversion rates with the hAEM electrode at 20 or 40°C were 
comparable. 
The conversion rates at 20°C increased with the applied voltage from 10 to 20 V 
which was related to an increase in the formation of reactive species at the cathode 
[597]. However, the conversion rates were found to subsequently decrease when the 
experiments were performed at higher voltages, above 20 V, likely due to side 
reactions occurring in the reaction mixture. On the other hand, at 40°C, the 
conversion rates increased steadily by 15% and 22% between 20 and 40 V for both 
the SS mesh and hAEM electrodes. Side parasitic reactions however also occurred 
above 20 V. The apparition of a brown and cloudy phase, as seen on the photographs 
in Figure 7.3c and d, indicated that side reactions such as hydrogenation and 
saponification occurred at higher voltages [481, 600]. The electro-catalytic 
conversion of canola oil was therefore greater at 40°C when using the plain SS mesh 
electrode. However, at 20°C, the hAEM electrode was found to perform better than 
the SS mesh electrode. 
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Figure 7.3. Effect of the cell voltage and temperature on the conversion of canola oil 
in methanolic reaction mixture at (a): 20°C and (b): 40°C. (c) and (d) are the 
photographs of the reaction products with the SS mesh and hAEM electrodes at 
40°C, respectively. 
 
The HPLC chromatograms corresponding to the ester and canola oil phase 
sampled every hour are displayed in Figure 7.4c, d, e and f. The canola oil 
conversion rate was then studied as a function of the reaction time at 20 V and 40°C 
for the SS mesh and hAEM electrodes (Figure 7.5a).  
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Figure 7.4. HPLC separation of (a): canola oil (TG), glycerol and biodiesel (ME) 
produced from a methanol and ethanol mixture with an homogeneous catalyst; (b): 
HPLC chromatograms of the methanolic and ethanolic electrolyte solutions; HPLC 
chromatograms of the reaction products in (c): the ester and (d): glycerol phase using 
the SS mesh cathode and in (e): the ester and (f): glycerol phase using the hAEM 
cathode. The electro-catalytic experiments were performed for 5 h at 40°C with a cell 
voltage of 20 V. 
 
The conversion rate increased rapidly during the first hour of experiment to 45% 
for the SS mesh electrode and 34% for the hAEM electrode and further increased at a 
  
 
353 
slow and steady pace to 58% and 39% at the end of the experiments for the SS mesh 
and hAEM electrodes respectively. Figure 7.5b shows the electrode reaction rates in 
mA.s-1 as a function of the reaction time. 
 
 
Figure 7.5. (a): Effect of the reaction time on the conversion of canola oil in 
methanolic solutions at 40°C for an applied voltage of 20 V and (b): electrode 
reaction rate across the electro-catalysis cell as a function of the reaction time. (c): 
quantitative determination of the conversion of canola oil from a methanolic reaction 
mixture and (d): from an ethanolic reaction mixture as a function of the cell voltage. 
 
The electrode reaction rates correspond to the slopes of the intensity plotted as a 
function of time as displayed in Figure 7.6a and b. The slope of the curve reflects the 
rate of the electrochemical reactions occurring at the surface of the electrodes. The 
values of the electrode reaction rate were shown to decrease over time while the cell 
voltage was kept constant. This trend indicated an increase of the reaction mixture 
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resistance due to consumption of water and methanol molecules at the electrodes and 
for the transesterification reactions, respectively. The decrease in electrode reaction 
rate (Figure 7.5b) followed a similar trend as the canola oil conversion rate (Figure 
7.5a). As seen in Figure 7.5a and b, and from the variation of the respective slopes, 
the majority of the electrolysis reactions therefore occurred during the first hour of 
the experiment. 
 
 
Figure 7.6. Intensity versus time curves of the electro-catalytic reaction in 
methanolic reaction mixture with (a): the SS mesh electrode and (b): the hAEM 
electrode at 40°C and 20 V. 
 
The electro-assisted transesterification of canola oil may be rationalised as a two-
step process [597]. First, the OH- ions formed at the cathode by water splitting 
(Figure 7.1) reacted with the methanol molecules to form reactive methoxide ions 
(CH3O-), with sodium ions (Na+) as counter-ions [590]. Then, the methoxide ions 
attacked the triglyceride molecules to form esters in a process similar to the reaction 
(1) [597]. It is crucial to note that in the current work, no co-solvents were used to 
enhance the miscibility of the alcohol and canola oil system in the electro-catalytic 
process [587]. Therefore, the reaction was performed in a two-phase reaction 
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mixture. The poor miscibility of the canola oil into the methanol phase was due to 
the high polarity of the methanol molecules [601]. However, the miscibility of the 
alcohol and canola oil system could be further increased using higher alcohols with 
longer hydrocarbons chain such as ethanol [602]. The miscibility of the constituents 
of the reaction mixture (canola oil + alcohol + water + NaCl) was therefore only 
governed by the temperature and agitation conditions inside the electro-catalytic 
reactor, which may be tuned in order to increase the conversion rate or to favour 
phase and products separation. As the stirring was kept constant within the reactor, 
only the increase of temperature from 20 to 40°C promoted the miscibility of the 
system and therefore greater canola oil conversion rates [587, 602]. 
The canola oil conversion is typically determined by HPLC analysis based on a 
method which was developed for the quantification of methyl esters in biodiesel 
produced from transesterification reactions with a homogeneous catalyst in a water-
free environment [482]. The electro-catalytic process without the addition of a co-
solvent occurred in a two-phase reaction mixture and in the presence of large 
quantity of water and salts. Therefore the HPLC analysis was primarily used as a 
qualitative and semi-quantitative tool for the conversion of canola oil to methyl and 
ethyl esters. In order to quantitatively measure the canola oil conversion rate, the 
volume difference between the initial and final volume of canola oil in the electro-
catalytic reactor was calculated based on Equation 3.17 [483]. The quantitative 
conversion rates of canola oil as a function of the applied voltage and reaction 
temperature in a methanolic and ethanolic reaction mixture are shown in Figure 7.5c 
and d, respectively. The conversion rate using the hAEM electrode was found to be 
comparable at both 20 and 40°C and on the order of 80% across all the cell voltages. 
The conversion rates of canola oil with the SS mesh electrode at 10 and 20 V were 
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found to be three times greater at 40°C than at 20°C confirming the previous HPLC 
analysis and observations. However, the measured canola oil conversion rates at 30 
and 40 V also accounted for the products of the side reactions and were therefore 
included into the overall conversion rates. The electro-catalytic conversion of canola 
oil to ethyl esters was also performed in an ethanolic reaction mixture at 20 V and at 
either 20 or 40°C for 1 h. The conversion rates are shown in Figure 7.5d and were 
found to follow a similar trend that the conversion rates of canola oil in methanol. 
The conversion rate observed at 20°C with the SS mesh electrode was 63% lower as 
compared to 40°C. However, the conversion of canola oil in an ethanolic reaction 
mixture at 20 V and 20°C was greater than in a methanolic reaction mixture due to 
the higher miscibility of the ethanol/canola oil system. At 40°C, the conversion rate 
in ethanol were similar to that of methanol obtained with the hAEM and SS mesh 
electrode systems. The conversion rates were only 7 to 14% lower when compared to 
other electro-catalytic conversion method using similar condition but with a co-
solvent and more expensive platinum electrodes [597] or 10 to 12% lower as 
compared to mixed electrolytic and heterogeneous catalysed biodiesel production 
method [598]. Despite the lower conversion rate due to the absence of co-solvent 
resulting in a two-phase reaction mixture, the separation of products and potentially 
the recycling of reactants were facilitated. 
In addition, control experiments performed without any applied cell voltages 
showed extremely limited transesterification reactions. The open circuit potential 
values are shown in Figure 7.7. The cell voltage using the SS mesh electrodes was 
found to be 30 and 70 mV at 20 and 40°C, respectively, which was substantially 
greater than with the hAEM (< 10 mV at 20 or 40°C). However, the canola oil 
conversion rates were almost twice as high with the hAEM (4.7% ± 0.5% and 3.4% 
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± 0.3% at 20°C and 40°C respectively) than with the SS mesh electrode (2.5% ± 
0.5% at 20°C and 1.2% ± 0.1% at 40°C). These results suggest that the conversion of 
canola oil when using the SS mesh electrode is exclusively due to the formation of 
reactive species by electrolysis as opposed to with the hAEM electrode, where the 
formation of reactive species is due to both the electrochemical reactions and the 
catalytic activity of the anion-exchange resin. 
 
 
Figure 7.7. Average residual cell voltages when using the SS mesh and hAEM 
electrodes in methanolic and ethanolic reaction mixture. 
 
The use of the hCEM material (Figure 7.2c) was proven to be not as efficient as 
an electrode material with conversion rates below 15% when used as cathode 
material and below 22% when used as anode materials (Figure 7.8a). This may be 
due to reverse bias conditions occurring in the electro-catalytic cell, which are 
similar to the operation mode of bipolar membranes for electro-dialysis process [19, 
21]. In this configuration, the negatively charged cation-exchange material facing the 
cathode resulted in the accumulation of cations near the surface of the cathode with 
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an increased of parasitic side reactions (Figure 7.8b). The photographs (Figure 7.8b) 
show a brown and cloudy solution at the end of the experiment with few detectable 
methyl esters (Figure 7.8c and d). 
 
 
Figure 7.8. (a): Quantitative determination of the conversion of canola oil from a 
methanolic reaction mixture using three electrode configurations; (b): photographs of 
the canola oil conversion products; HPLC signal of the reaction products in (c): the 
ester and (d): glycerol phase. 
 
The electrical conductivity and pH values inside the electro-catalytic cell were 
monitored and reported in Figure 7.9a and b. The NaCl concentration (0.3 wt% of 
canola oil content) was below the solubility limit of the reaction mixture and the 
NaCl crystals were considered to be fully dissociated in the mixed water/alcohol 
phase at the start of the reaction. The pH values were found to increase from an 
initial value of 5 to above 9 within the duration of the experiment and were similar 
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across the different experiments for an electrode material and at a given reaction 
temperature. The increase in pH can be explained by the formation of basic reactive 
species OH- and CH3O- during the electro-catalytic process. However, the pH values 
were found to be stable above an applied voltage of 10 V, which indicated that the 
electrochemical reactions participated not only in the formation of reactive species 
but also in the formation of side products. The initial electrical conductivity value of 
the reaction mixture was found to be very low (355 µS) due to low water content (1 
wt% of canola oil content) and high resistivity of the methanol/canola oil system. 
The decrease in electrical conductivity at the end of the experiments for an applied 
voltage of 10 and 20 V was attributed to the formation of methyl esters and 
consumption of water and methanol molecules. However, for the experiments 
performed at 30 and 40 V, the electrical conductivity was found to increase, which 
may be due to the products of the saponification reactions associated with formation 
of ionic and charged soap species.  
The change in electrical conductivity within the electro-catalytic cell showed 
similar trends for the SS mesh and hybrid AEM electrodes suggesting that the high 
cell voltages are the main factor affecting the rate of the side reactions. Figure 7.9c 
shows the electrode reaction rate values as a function of the cell voltages for the SS 
mesh and hAEM electrodes at 40°C. The electrode reaction rates increased with the 
cell voltage up to 30 V and became stable at higher cell voltage. These results 
indicate that above 30 V, the electro-catalytic process is limited by the rate of 
formation of ionic species near the surface of the electrodes.  
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Figure 7.9. (a): pH and (b): conductivity values of the canola oil conversion products 
as a function of the cell voltage; (c): electrode reaction rates as a function of the cell 
voltage for the SS mesh and hAEM electrodes at 40°C. 
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7.1.3 Summary and Conclusions 
The conversion of canola oil to methyl and ethyl esters was successfully 
performed without the addition of co-solvent or catalysts in a simple electro-catalytic 
reactor using the hIEM materials. Cell voltages above 20 V resulted in undesirable 
saponification side reactions, which were related to excessive water splitting 
occurring in such conditions. The plain SS electrode performed better at 40°C while 
the overall conversion rates were greater with the hybrid electrode at 20°C due to the 
catalytic activity of the AEX. The use of hybrid electrodes with IEX coated on an 
electrically conductive substrate could therefore eliminate the need to heat the 
reactor saving energy and running cost as well as inspiring new process development 
for the conversion of high water content feedstock for the production of second-
generation biodiesel. 
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7.2 Electro-oxidation of organic small-molecule pollutants 
In this section, the hybrid HF IEMs (HF hIEMs) were used for the electro-
oxidation of salicylic acid (SA) molecules in aqueous solutions. SA was chosen as a 
representative of small-organic water pollutants due to the increasing amount of 
pharmaceutical molecules and degradation products in wastewaters [484]. The HF 
geometry was proven to be a particularly adapted form factor for wastewater 
treatment and reclamation [603]. The SS HF substrates sintered at 1000°C for 60 min 
were used for the fabrication of the hybrid HF IEMs as a result of the HF 
characterisation study (Section 4.1.3). The in-situ electro-oxidation of SA was 
monitored using an UV/vis set-up as illustrated in Figure 7.10. 
 
 
Figure 7.10. UV/visible spectroscopy logging experimental set-up for the in-situ 
monitoring of SA electrochemical oxidation. 
 
7.2.1 Electro-catalytic performance of the HF hIEMs 
The HF hIEMs were used as anode material for the electro-oxidation of SA as a 
platinum (Pt) wire was used as cathode materials. Control experiments were also 
performed using the Pt wire as both cathode and anode. The removal of SA from the 
stock solutions was calculated from the intensity change of the UV/visible peak at 
  
 
363 
296.13 nm as seen in Figure 7.11a. The experiments were performed in batch 
conditions inside the quartz UV/vis cell and were stopped after 15 min of experiment 
at a constant current density of 5 ± 0.05 mA.cm-2. 
 
 
Figure 7.11. (a): UV/visible spectra of the SA degradation experiment for a 10 µm 
HF hAEM and (b): SA electro-oxidation successive repetitions and removal rates 
using the HF hAEMs. 
 
The removal rates of SA were normalised by the electrode weight in order to 
compare the different electrode materials as seen in Figure 7.11b. The removal rates 
of the 10, 10/20 and 10/44 µm hAEM HFs were all in the same range, 378.4 ± 15.8 
µg.min-1, on average. However, the removal rates of the 10/44 µm hAEM HFs were 
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6.2% ± 0.11% and 4.74% ± 0.18% superior as compared to the removal rates of the 
10 µm and 10/20 µm hAEM HFs, respectively. The superior performance of the 
10/44 µm hAEM HFs was attributed to the greater loading of AEX at the surface of 
the 10/44 µm SS HF substrates as discussed in Chapter 4, Section 4.2. The AEX 
loading of the 10/44 µm hAEM HFs was on average 1.95 and 1.66 times higher than 
the 10 µm and 10/20 µm hAEM HFs, respectively, due to the surface roughness of 
the substrates. The SA removal rates of the hAEM HFs were more than 30 times 
higher compared to the results obtained with Pt wires used as both cathode and 
anode. The HF hAEMs were therefore more efficient for the electro-oxidation of SA 
due to both the catalytic activity of the AEX and SS support. In addition, the same 
hAEM HF electrodes were employed for a series of tests and found to be reusable 
without visible degradation of the material as seen in Figure 7.12a. SA removal 
experiments were also performed using bare SS HF substrates, however, the SS 
materials were rapidly corroded in the process conditions (Figure 7.12b). Similarly to 
the electro-catalytic biodiesel production process, the hCEM HFs were not suitable 
for the electro-oxidation experiments and resulted in a rapid degradation of the 
hybrid material. 
 
 
Figure 7.12. Photographs of the quartz cell after SA electro-oxidation experiments 
using (a): the 10 µm HF hAEM and (b): using a bare 10 µm SS HF. 
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The performance of the 10 µm and 10/20 µm hAEM HFs were slightly lower 
across the second test series by 0.39% and 1.33%, respectively (Figure 7.11b). The 
performance further decreased during the third test by 6.04% and 9.40% for the 10 
µm and 10/20 µm hAEM HFs, respectively. However, the performance of 10/44 µm 
hAEM HFs remained stable with variations below 0.40% probably due to the higher 
AEX content. These results indicated that the loss of performance was associated to 
the catalytic activity of the AEX. The water reduction reactions, which occurred at 
the cathode, were not sufficient enough to regenerate the AEX in acidic conditions. 
The AEX may therefore need to be regenerate after a number of electro-oxidation 
cycles based on the AEX content of the material. Otherwise, the electro-oxidation 
could be performed in mild alkaline conditions using NaOH as an electrolyte 
support. 
 
7.2.2 Summary and Conclusions 
The HF hAEMs were used as electro-catalytic materials for the degradation of 
SA molecules. The pre-treatment of the SS HF substrates and IEX casting was once 
again essential for the stability of the materials in electrolytic environments. The IEX 
loading did not significantly affect the SA removal rate and catalytic activity of the 
hybrid materials. However, the efficiency decrease of the hybrid materials was 
mitigated by a high IEX content due to the lower depletion rate of the OH- counter-
ions across the AEX. At this stage of process development, the use of an electrolyte 
able to simultaneously carry the electrical current and regenerate the AEX could be 
an adequate solution in order to limit the amount of AEX materials. 
Future work will include an independent electrode stream flowing inside the 
lumen of the HFs in order to provide sufficient regenerative electrolytes. In terms of 
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process, the electro-degradation of small organic molecules using the hybrid HFs 
could be implemented to wastewater purification systems in a similar fashion as 
immersed HF reactors. The advantages would be the design of a more compact and 
independent HF module using only a low electrical potential. 
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7.3 Chapter Summary and Conclusions 
The electrically conductive hybrid materials were used for a variety of electro-
catalytic applications from the production of biodiesel to the degradation of organic 
pollutants. The hybrid materials were found to be stable and efficient in aqueous or 
alcoholic electrolytic environments and at temperature up to 40°C due to the 
substrate pre-treatments and IEX coating. In these conditions, the water electrolysis 
was beneficial for the process, providing the necessary reactants and a mean to 
regenerate the IEX. 
In order to offset the relatively low electrical conductivity and intrinsic catalytic 
properties of the SS substrates, other metal and metal alloy supports could be 
considered. Apart from platinum, gold and other noble metals, materials exhibiting 
high electrical and chemical stability such as nickel and nickel/copper alloys are 
particularly good candidates for catalytic applications in harsh electrolytic 
environments. 
The hybrid materials were previously shown to perform as separation materials. 
In this Chapter, the catalytic activity and usefulness of the hybrid materials for 
electro-catalysis applications were demonstrated. A continuous process where 
species are catalytically produced or by-products generated and subsequently 
transferred across the IEX would be the ultimate aim for the hybrid materials. Such a 
process will be achieved with the integration of the hybrid materials in an ED-type 
module. 
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Chapter 8. Summary and Conclusions 
8.1 Outcomes 
The development of hybrid flat-sheet IEMs with enhanced electrical conductivity 
for ED applications in mixed solvents was the focal point of this Thesis. The novel 
hybrid IEMs were fabricated using highly porous and electrically conductive 
stainless steel metal reinforcements in lieu of inert polymeric fabrics, conventionally 
used for the manufacture of commercial IEMs. The control of the interface between 
the inorganic metal and organic phase was essential to ensure the electrochemical 
stability of the hybrid materials. The surface of the stainless steel substrates 
supporting the polymeric phase was functionalised with aminosilane coupling agents, 
which protected the metal surface from corrosion and promoted the adhesion with 
the polymeric ion-exchange phase. However, the direct polymerisation of ion-
exchange precursor monomers across the bare stainless steel substrate was shown to 
lead to irreversible degradation and corrosion of the metal substrates. In order to 
avoid such chemical stress and reduce the need for harsh functionalisation post-
treatments, the hybrid IEMs were therefore fabricated as heterogeneous materials 
using finely grinded functional ion-exchange resin dispersed in a PVC polymer 
binder.  
The flat-sheet substrate functionalisation process and hybrid material fabrication 
methods were successfully transferred to porous tubular and hollow-fibre support 
geometries. Stainless steel hollow-fibre supports with tuned morphologies were 
specifically fabricated, as suitable inorganic hollow-fibre materials were not 
commercially available, at the time of this initial study. 
  
 
369 
The microstructure characterisation of the ion-exchange materials in mixed 
solvents solutions and during in-situ ED was performed by SANS techniques and 
correlated to the physicochemical properties of the IEMs. The SANS characterisation 
of the hydrocarbon ion-exchange materials highlighted the micro heterogeneity and 
dynamic behaviour of the polymeric matrix and led to a deeper understanding of the 
relationship between the solvation of the ion-exchange material structure and IEM 
performance. To date, industrial IEM applications are limited to aqueous solutions 
due to the lack of specific ion-exchange materials fully efficient in water-free and 
mixed solvents environments. This study will provide new research directions for the 
development of ion-exchange materials and IEMs dedicated to organic and mixed 
solvents operations. 
The hybrid flat-sheet IEMs were found to be selective to ionic species and were 
successfully used for the desalination of aqueous, aqueous methanolic and aqueous 
ethanolic ionic solutions. The performance of the hybrid IEMs was inferior as 
compared to the commercial Selemion® IEMs in aqueous and low alcohol volume 
fraction solutions due to the lower ion-exchange capacity of the hybrid materials. 
However, the desalination performance of the hybrid IEMs was superior in large 
alcohol volume fraction solutions, which was attributed to the lower electrical 
resistance of the hybrid materials. 
The remediation of heavy metal ions from aqueous solutions was achieved at 
current densities previously unachievable with current ED process design due to the 
precipitation of metal oxides across the IEM material. A simple yet effective solution 
was implemented for the simultaneous removal and reduction of the metal ions in a 
conventional ED module. A buffer zone constituted by a porous and electrically 
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conductive carbon fabric placed in front of the IEMs acted as electron sink reducing 
the metal ions and preventing them to reach the surface of the IEMs. 
The electrical conductivity provided by the inorganic phase allowed for the direct 
polarisation of the hybrid materials and led to the development of new ED process 
concepts. For the first time, an electrical potential was applied directly across the 
ion-selective separation material during ED operation. The additional electrical field 
generated across of the pair of hybrid IEMs was shown to provide an additional and 
independent driving force, which was used to promote or block the transport of ionic 
species across the hybrid materials. 
In addition, another novel electro-membrane system was developed where the 
tubular hybrid IEMs were mounted in a compact cylindrical module and acted as 
both electrode and separation material. The novel electro-membrane concept was 
successfully used for the desalination or concentration of ionic species eliminating 
the need for an electrode stream. This part of the Thesis demonstrated the relevance 
of the development of new IEM form factors for the design of compact electro-
membrane desalination modules. 
Lastly, the hybrid materials were used as electrode materials for electro-catalytic 
applications. Basic electro-membrane reactors were designed in which the hybrid 
materials were used as cathode or anode materials. The flat-sheet IEMs were selected 
for the electro-conversion of triglycerides to biodiesel in methanolic and ethanolic 
solutions, while the hybrid hollow-fibre materials were employed for the electro-
oxidation of small organic molecule in aqueous environments. The hybrid materials 
developed were also shown to be particularly promising electrode materials due to 
the electrical conductivity of the metal phase combined with the reactivity of ion-
exchange materials. 
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8.2 Limitations 
The hybrid materials were shown to be stable in electrolytic environments during 
ED tests with and without direct polarisation of the substrates and within the range of 
applied potentials. The functionalisation of the substrates and polymeric coating was 
found to improve the corrosion resistance of the materials. However, the hybrid 
materials still exhibited localised pitting corrosion behaviour in electrolytic solutions 
at high potential. The aminosilane coating was necessary for the fabrication of the 
hybrid materials and was shown to increase the electrochemical stability of the 
substrates in aqueous and mixed solvents environments. However, a balance between 
the corrosion protection offered by the silane interfacial layer and the associated loss 
of electrical conductivity of the functionalised substrates shall be investigated and 
reached. 
The desalination performance of the hybrid materials was also limited by two 
main factors. The first one was the low ion-exchange capacity of the heterogeneous 
polymeric phase, which was composed of ion-exchange materials dispersed in a non-
functional polymer binder. The second one arose from the morphology of the 
inorganic substrates, which restricted the maximum loading of ion-exchange 
materials across the inorganic structures. High porosity inorganic substrates with 
large pore size distribution are yet to be developed, as the range of available porous 
inorganic materials remains limited compared to porous polymeric materials. 
Particularly, the morphologies of the inorganic porous tubular and hollow-fibre 
materials were less adequate for the development of hybrid heterogeneous IEMs and 
led to the formation of a polymeric top coating. 
Finally, the removal of heavy metal ions from aqueous solutions was limited due 
to the organic nature of the ion-exchangers, which exhibited inherent material 
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limitations for the removal of heavy metal ions including poisoning and scaling of 
the functional groups at high current density. An additional material acting as a 
reduction platform and protecting the IEMs had to be placed across the ED module 
for the sustainable desalination of solutions rich in heavy metal ions. The 
development of hybrid IEMs composed of stable inorganic ion-exchangers for the 
specific removal of heavy metal ions should be investigated. 
 
8.3 Future works 
A thorough electrochemical analysis of the hybrid materials by electrical 
impedance spectroscopy should be performed in order to validate the equivalent 
electrical circuit proposed in this Thesis and develop new electro-diffusion models 
taking into account the direct polarisation of the separation materials. 
The desalination performance of the hybrid IEMs presented here could also be 
improved in several ways. First, the formation of thinner interfacial silane-coupling 
layer by chemical vapour deposition or the addition of conductive nano additives in 
the silane sol-gel solution could be investigated in order to preserve or increase the 
electrical conductivity of the functionalised substrates. In addition, the development 
of homogeneous hybrid IEMs with the use of a high ion-exchange capacity polymer 
without polymer binder should increase the desalination performance. Specifically, 
casting solutions composed of pre-polymerised poly(vinylbenzyl chloride) could be 
use for the fabrication of both homogeneous hybrid CEM and AEM. Finally, the 
optimisation of the inorganic substrate morphologies, especially the thickness, 
porosity and pore size distribution would further increase the volume fraction of ion-
exchange polymer and therefore the desalination performance of the hybrid 
materials. The use of metal fabrics made of thinner metal wire and larger mesh 
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opening could be used as such materials are becoming increasingly available 
following the recent development of metal current collectors for fuel cell 
applications. 
At this stage, the direct grafting of ion-exchange moieties by plasma or direct 
polymerisation onto inorganic backbones, inert to organic solvents, appears to be the 
most promising approach to prevent ionic conductivity loss in water-free and mixed 
solvents. The ideal substrates for the fabrication of homogeneous hybrid IEMs would 
be as thin as possible while exhibiting sufficient mechanical properties and high 
electrical conductivity. The use of high surface area materials such as electrospun 
metal nanofibre webs or hierarchical porous structures formed by sintering of metal 
particles should be particularly investigated. 
Future process developments should also include more extensive use of the 
hollow-fibre type supports in order to reduce the footprint of the desalination 
module. However, the fabrication of metal hollow-fibre supports with high porosity, 
large pore size and mechanically strong still represents a challenge. New fabrication 
strategies based on mixed powder sintering should be further developed. Sintering of 
multimodal particle size distribution of the same or different chemical composition 
appears particularly promising. Composite hollow-fibres exhibiting a sacrificial 
phase formed by mixed powders or pre-alloyed particles sintering, which could be 
further removed by thermal or chemical treatments, would promote the formation of 
high porosity hollow-fibre materials. Alternatively, the use of pore-forming agents 
such as mineral salts or high molecular weight polymers could be also used.  
The ability to polarise the hybrid materials through the continuous electrically 
conductive inorganic phase was certainly one of the most innovative aspect of this 
Thesis. The design of ED system with multiple yet individually controlled 
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compartments appears particularly promising. The control of the ionic transport 
kinetic as well as pH conditions across the compartments opens up new opportunities 
for salt conversion and production processes. The fabrication of small 
pharmaceutical salt molecules based on ionisable compounds by means of ED 
systems should be further investigated. 
Finally, electro-membrane reactors based on tubular and hollow-fibre geometries 
for electro-catalytic and electro-oxidation reactions should be further investigated. 
Particularly, the development of supports made of materials exhibiting high natural 
corrosion resistance and surface reactivity properties such as nickel, copper or 
titanium alloys should be particularly promising for the development of 
electrochemical membrane reactors applied to harsh aqueous or mixed solvents 
environments. 
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Appendix 
 
 
 
 
Figure A3.1. NaCl conductivity calibration curve at 20°C in DI water. 
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Figure A3.2. Conductivity calibration curves at 20°C in aqueous solutions of (a): 
NaCl in 33% (v/v) methanol, (b): NaCl in 66% (v/v) methanol, (c): NaCl in 33% 
(v/v) methanol, (d): NaCl in 66% (v/v) methanol, (e): CuSO4 in water and (f): CuSO4 
in 33% (v/v) methanol. 
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Figure A4.1. Full FTIR spectra of (a): aminosilane grafted SS substrate, (b): 
homogeneous anion-exchange hIEM and (c): heterogeneous cation-exchange hIEM.
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Figure A4.2. Pure water fluxes as a function of the feed pressure: (a), (b) and (c): 
SS10 HFs; (d), (e) and (f): SS10/20 HFs; (g): SS10/44 HFs. 
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Table A5.1. SANS samples thickness, transmission and incoherent background 
values. 
Sample 
Sample 
thickness 
(µm) 
SANS 
transmission 
(%) 
Incoherent 
background 
(cm-1) 
Hybrid CEM dry 290 90 0.492 
Hybrid CEM D2O 319 88 0.397 
Hybrid CEM D-methanol 343 87 0.366 
Hybrid CEM ethanol 320 73 3.959 
Hybrid CEM 33 v/v% D-methanol 329 84 0.641 
Hybrid CEM 66 v/v% D-methanol 319 85 0.529 
Hybrid CEM 33 v/v% ethanol 323 75 2.821 
Hybrid CEM 66 v/v% ethanol 348 75 2.117 
 
Hybrid AEM dry 228 83 0.499 
Hybrid AEM D2O 241 88 0.381 
Hybrid AEM D-methanol 255 82 0.148 
Hybrid AEM ethanol 237 76 1.361 
Hybrid AEM 33 v/v% D-methanol 258 89 0.245 
Hybrid AEM 66 v/v% D-methanol 273 85 0.525 
Hybrid AEM 33 v/v% ethanol 261 82 1.390 
Hybrid AEM 66 v/v% ethanol 276 81 1.127 
 
Film CEX dry 88 89 0.109 
Film CEX D2O 98 90 0.238 
Film CEX D-methanol 94 93 0.141 
Film CEX ethanol 93 86 0.453 
Film CEX 33 v/v% D-methanol 85 90 0.279 
Film CEX 66 v/v% D-methanol 72 91 0.149 
Film CEX 33 v/v% ethanol 85 89 0.275 
Film CEX 66 v/v% ethanol 95 82 0.736 
 
Film AEX dry 104 92 0.106 
Film AEX D2O 120 89 0.179 
Film AEX D-methanol 122 93 0.066 
Film AEX ethanol 99 86 0.386 
Film AEX 33 v/v% D-methanol 99 92 0.093 
Film AEX 66 v/v% D-methanol 88 91 0.167 
Film AEX 33 v/v% ethanol 116 82 0.983 
Film AEX 66 v/v% ethanol 110 87 0.538 
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Table A5.1 (continued) 
Selemion® AEM dry 114 90 0.074 
Selemion® AEM D20 v/v% 123 97 0.059 
Selemion® AEM D-methanol 130 90 0.066 
Selemion® AEM ethanol 129 83 0.099 
Selemion® AEM 50 v/v% D-
methanol 124 95 0.059 
Selemion® AEM 20 v/v% ethanol 125 95 0.066 
Selemion® AEM 50 v/v% ethanol 129 86 0.105 
Selemion® AEM 80 v/v% ethanol 127 82 0.080 
    
Selemion® CEM dry 112 99 0.052 
Selemion® CEM D20 v/v% 150 89 0.046 
Selemion® CEM D-methanol 123 99 0.043 
Selemion® CEM ethanol 116 94 0.075 
Selemion® CEM 50 v/v% D-
methanol 122 96 0.043 
Selemion® CEM 20 v/v% ethanol 122 93 0.051 
Selemion® CEM 50 v/v% ethanol 122 95 0.052 
Selemion® CEM 80 v/v% ethanol 118 93 0.069 
 
 
